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ABSTRACT 
Depending on task requirements, a human is able to select distinct strategies such as the use 
of an ankle strategy and hip strategy in order to maintain their balance. Postural control 
actions often co-occur with other movements and such movements may bring about a change 
from one type of postural coordination to another. The selection of a postural control strategy 
has typically been investigated by the transition of Center of Mass (COM), Center of Pressure 
(COP) and in between angle joint motion along with their characteristics. In this research, 
we proposed a method using the logistic function of the sigmoid model based on cross-
correlation coefficient (CCF) data for investigating and observing the transition of postural 
control strategies of COM-COP and ankle-hip angles towards anterior-posterior (AP) 
continuous translation perturbation. Subjects were required to stand on the motion base 
platform where perturbation; with an increasing frequency (0.2 Hz to 0.8 Hz) and decreasing 
frequency (0.8 Hz to 0.2 Hz) in steps of 0.02Hz, was induced. As the frequency increased, 
the COM and COP displacement were decreased, with the opposite trend observable with 
decreasing frequency. Meanwhile, ankle and hip angular displacements were increased 
during increasing frequency and decreased during decreasing frequency. In this paper, the 
proposed sigmoid model could identify the transition frequency of COM-COP and ankle–hip 
transition. The mean transition frequency of COM-COP during increasing frequency was 
0.50 Hz, and the ankle–hip transition frequency was 0.50 Hz. Meanwhile, for decreasing 
frequency, the COM-COP transition frequency was 0.53 Hz and for ankle-hip transition 
frequency was 0.56 Hz. With frequencies; both increasing and decreasing; the COM-COP 
and ankle-hip transition frequencies were occurred almost at the same frequency. 
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Furthermore, the transition occurred in a lower time scale during increasing frequency 
compared to decreasing frequency. Vision manipulation was also take into consideration in 
this study. The absence of vision sensory causing an increased in COP and COM sway 
compared to eyes open. The mean transition frequency of COM-COP during increasing 
frequency was 0.48Hz, and the ankle–hip transition frequency was 0.43 Hz. Meanwhile, for 
decreasing frequency, the COM-COP transition frequency was 0.48 Hz and for ankle-hip 
transition frequency was 0.52 Hz. In conclusion, the continuous translation surface 
perturbation provided information on the behavior of postural control strategies. A sudden 
change in ‘phase angle’ was observed where either an ankle or hip strategy were implemented 
to maintain balance. Besides, the transition frequency of postural control strategies could be 
determined to occur between 0.40 Hz and 0.60 Hz for healthy young subjects in the AP plane. 
Manipulation of visual information have no significant effect towards transition frequency 
phase value. Furthermore, the proposed sigmoid model was believed to be able to be used in 
the determination of transition frequency in postural control strategies.  
 
Keywords: postural control strategies; sigmoid function; cross-correlation coefficient; 
continuous support surface translation perturbation; kinematics; kinetics; transition, vision  
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CHAPTER 1  
INTRODUCTION 
This chapter provides the background of the study, which focusses on the discussion of human 
postural strategies selection and transition, the problems, the objectives of this study and the 
significance of this study. 
 Background 
Human bipedal stance is naturally unstable due to composition as inverted pendulum. 
Balance can be defined as an ability to keep equilibrium state by adjusting Center of Mass 
(COM) and Center of Pressure (COP). Generally, there are two types of balance assessments 
namely functional and physiological assessment. However, functional assessments were 
reported to be exposed by human error. On the other hand, physiological assessment study 
and development was needed to produce more reliable results. Compare to static balance, 
dynamic balance with the presence of external perturbation requires more complex strategy. 
The present study investigated the changes in postural coordination patterns and the transition 
strategy at the face of dynamic tasks in the anterior-posterior (AP) continuous support surface 
movement. It is believed that perturbation at a surface level sufficient enough to challenge 
the postural control system. According to Horak and Nasher, by using an ankle strategy, the 
postural control orientation was mainly around ankle joint rotation [1], yet including low hip 
joint rotation. On the other hands, when the high or great frequency perturbation was imposed, 
anti-phase rotation at both ankle and hip joints is observed [2]. The selection of postural 
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control strategies was influenced by many factors such as the perturbation conditions, 
experience, adaptation and also fear of falling [3,4,5]. Besides, the perturbation type and 
frequency become important factors in investigating postural control strategies. However, 
there are no details prove in at which frequency the postural control strategy transition 
occurred. Therefore, there are still room for investigation in order to deeply understand the 
relationship between postural responses strategy toward frequency perturbation. 
 Problem Statements 
Due to the existence a number of postural strategies available to achieve multiple 
goals, it’s believed that kinematics variable parameters and the cross-correlation analysis 
may reveal their presence. The ability to maintain balance in an upright position during quiet 
standing and dynamic task conditions is necessary for successful performance in daily life 
tasks [6,7]. Human postural control tends to initiate and constraint joint movement so that 
the COM is positioned over the base of support (BOS) and aligned with the COP, which is 
known as an equilibrium state. However, any external perturbation which is induced to those 
part of the body will result in the shift of COM closer to the BOS border and interrupt 
alignment between COM and COP, which will cause a non-equilibrium state [8]. However, 
the balance control systems degenerate as we grow older, and this factor becomes the main 
reason for the high risk of falls among elderly people. Therefore, a better and deeper 
understanding of postural control strategies needs to be understood first before the 
development of training and rehabilitation tools. 
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Depending on task requirements, a human is able to select distinct strategies. Two 
primary postural control strategies were identified in upright bipeds, which are an ankle 
strategy and hip strategy [1,9]. The ankle strategy is viewed as an inverted pendulum with 
the motion around the ankle joint. Meanwhile, the hip strategy is used when the postural 
stability creates particular constraint on the posture when the motion is around the hip joint. 
With the presence of a hip strategy, Buchanan et al. suggested that a single link inverted 
pendulum will split into a multi-link model. Besides these two primary postural control 
strategies, an additional strategy mode has also been identified that incorporates the ankle 
and hip strategies into a coordinated strategy. However, how the selections of these strategies 
to maintain balance is still unknown and needs further investigation. In this study, we only 
observed the ankle and hip strategies since these are the primary strategies used in postural 
control.  
Postural control actions often co-occur with other movements and such movements 
may bring about a change from one type of postural coordination to another. This can be 
caused by the basic patterns of postural coordination being centrally represented by a set of 
motor programs, and postural transitions are behavioral consequences of changes between 
programs operating at the level of the central nervous system (CNS) [9,10]. These, as well 
as the changes between postural states are consequences of the self-organized nature of the 
postural system which exhibit properties of non-equilibrium phase transitions between 
attractors [11]. Typically, continuous relative phase (CRP) [12] or point estimate relative 
phase (PRP) [13] have been applied to investigate the coordination relation of two variables 
[14]. The in-phase mode (∼0˚) indicates that two stationary signals move in the same 
direction whereas, the anti-phase mode (∼180˚) indicates that the signals are moving in the 
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opposite direction. However, until now, there have been no studies which have mentioned 
the exact frequency at which the postural strategy changes happens. Other methods can also 
be considered in defining the coordination relation of two variables, such as cross correlation 
function (CCF) analysis. This analysis is a powerful, efficient and relatively easy-to-apply 
tools for quantifying associations between variables. It also can be very useful for 
investigating spatial and temporal relationships between time-varying signals and can 
provide further insight into the coordination of movement, muscle activation patterns and 
isolation noise within a signal. Furthermore, since the CCF coefficient data shows a 
resemblance to a sigmoidal pattern, we proposed that the transition frequency could be 
identified by using the logistic function of the sigmoid model. This is because, the sigmoid 
model provides a good example of non-linear and quickly increasing functions of the 
probability of disclosure and makes computation easier [15]. While most traditional 
nonlinear activation functions are bounded, simpler piecewise linear activation functions 
have become popular because of their computational efficiency and robustness in preventing 
saturation [16]. Therefore, the sigmoid model is a reliable analysis technique which mimics 
the physiologically based prediction of the input/output relation [17]. 
There have been several studies into the coordination of the body that afford stability 
in dynamic postural balance under both discrete [18-19] and continuous oscillation [20-21] 
of motion base support. Many researchers have reported the use of support surface 
perturbation as an experimental method to investigate different patterns of postural strategies 
[22-24]. According to previous studies, lower extremities play an important role in balance. 
The ascending sensory pathway from the sole then regulates muscle activation to initiate 
ankle motion, then activating hip motion and finally the upper body including trunk and head. 
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Without sufficient activation or response from the lower extremities, it is difficult for nervous 
systems to provide feedback to generate an effective strategy and prevent falling. Therefore, 
it is believed that support surface perturbation, which act as an external perturbation, was 
enough to induce postural control strategy patterns. Besides, this perturbation can replicate 
daily life activities such as slipping, tripping and also stepping. Both increasing frequency 
and decreasing frequency were implemented in this paper. In previous studies, large step size 
changes of continuous translation frequency were used [14,25]. Motor sensory perception 
could sense slight changes of the translation frequency, which could lead to sudden changes 
in postural control strategies and the possibility of the subjects not reacting naturally. 
Therefore, a small step size of translation frequency was implemented in this research to 
provide a more precise transition frequency.   
 Research Objectives 
In this study, few objectives have been determine as listed below;  
1. To obtain the characteristic of human postural control balance strategies patterns and 
transition frequency phase in dynamic task environments. 
2. To develop new method for defining the transition frequency phase of human postural 
control balance strategies that will provide exact value of transition frequency phase.  
3. To observe whether manipulation of vision give effect toward human postural control 
balance strategy transition frequency phase.  
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 New Finding Knowledge 
This research will result in new potential towards better understanding in postural control 
strategy in different order perturbation. The novel knowledge required from this research will 
lead to a new exploration as follow:  
1. Exploration of human kinematics and kinetics characteristics under different order of 
frequency perturbation and manipulation of vision. 
2. New approach in determining the transition frequency of postural strategy in different 
order of frequency perturbation. 
3. Estimation of transition frequency in individual. 
4. Exploration of postural control strategy due to loss of other extremities. 
 Significance of Research   
This research will result in investigating the possible characteristic of human postural 
strategy. The new approach also been used in this research for determine transition frequency 
which is simple and reliable. The finding from this research can be used in evaluation of 
postural strategy coordination ability and for rehabilitation purpose. Besides, it also can 
provide a better knowledge on its response to changes of frequency perturbation conditions 
and in manipulation of vision. This allows a future development in reliable and simple 
assessment. 
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 Outline of Thesis 
The title of this research thesis is “Estimation of Transition Frequency Phase of 
Postural Coordination during Continuous Support Surface Translation”. This thesis is 
composed of 6 chapters. Each chapter addresses different research issues which will be 
briefly described the content in this section. 
Chapter 1: Provides general introduction and background of the whole research including 
the problem statement, research objectives and the outlines of the thesis structure are also 
discussed. 
Chapter 2: This chapter provides literature review which explained the previous studies that 
related to this research.  
Chapter 3: The experimental part of this research, the instrument used and the standard 
experimental setup are explained. All the technical and analytical methods used in this 
research are addressed. 
Chapter 4: All gathered results from the experiment were discussed in this chapter. At the 
beginning, the physical data of participant were described. Then, it continues with the 
explanation of characteristics of kinetic and kinematic parameters during increasing and 
decreasing perturbation and comparison between these two perturbations. After that, the 
transition frequency for COM-COP and ankle-hip for both perturbations are elaborated. 
Analysis of human postural strategy with the manipulation of vision is discussed.  
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Chapter 5: In this chapter, stability and type or perturbation is discussed. Then, it proceeds 
with discussion on postural control strategy transition towards different perturbation. 
Manipulation of vision towards postural control strategy transition also being discussed in 
this chapter. 
Chapter 6: The overall conclusions of the research and recommendations for potential future 

















This chapter provides the literature review of the history and fundamental of balance, the 
selection of postural strategy and the estimation of transition frequency of postural control 
strategy. 
 Balance and Stability  
Balance can be defined by using Newton’s First Law where it is the condition where 
the resultant force or load actions acting upon an object are zero. 
 
∑ 𝐹 = 0 
 
  The ability to maintaining balance in an upright position during quiet standing and in 
dynamic task condition is necessary for successful performance in daily life tasks [26,27]. 
Human posture control tends to initiate and constraint joint movement so that the COM is 
positioned over BOS and aligned with the COP which known as in equilibrium state. 
However, any external perturbation which induced to the part of the body will result in the 
shift of COM closer to the BOS border and interrupt alignment in between COM and COP 
which will cause in-equilibrium state [8]. Figure 1 below shows the relationship of COM and 
COP in determining the stability.  
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Millions of people spend a good deal of their time on their feet for standing, walking 
or running. D.A. Winter (1995) had stated that human is inherently unstable due to large body 
mass is located high above a relatively small base of support. There are three major sensory 
systems that involved in balance and posture such as vision (planning motion and avoiding 
obstacles along the way), vestibular (detect linear and angular acceleration) and 
somatosensory/proprioceptive systems (sense the position, velocity, orientation of gravity 
and contact with external objects). Sufficient feedback information from these senses can 
make the balancing process become effective. 
Figure 1   The relationship between COM and COP  
 
In recent years, physical strength and athletic ability have been declined due to 
economic growth, eating habits, and lack of exercises. Additionally, certain health condition, 
injuries, diseases such as stroke and also aging have become the factors for the balance 
disorder. Balance disorder will cause dizziness, falling, floating sensation, blur vision and 
most importantly, it will affect standing ability [28, 29]. Focusing on the elderly, the 
degeneration of the balance control systems becomes the main reason of the high risk of fall 
and it has forced the researchers and clinicians to investigate and understanding more about 
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how the system works [27]. Along with increasing ages, decrease in balancing function 
becomes one factor in falling for elderly person. Therefore, by considering the postural 
control mechanism, it will be useful for falling prevention. 
Balance disorder will significantly impact upon quality of life and independence. 
Therefore, balance disorder assessment has an important role especially in order to detect 
whether or not the balance problem exists, to determine the cause of the problem [30] and as 
an aid to understand how the postural control systems works. Generally, balance assessment 
method available in two methods which are functional and physiological assessment. 
Functional assessment is generally used in clinic with the present of physiotherapist or doctor. 
However, functional assessment was reported to be exposed with human error [31,32]. 
Meanwhile, physiological assessment evaluates balance by measuring patient’s 
physiological changes and generally measures in term of kinetic, kinematics and 
electromyography aspects during posture changes. Simple, reliable and efficient assessment 
method are in demand, thus, required to produce more reliable results. Table 1 shown the list 
of functional and physiological assessment method along with advantages and limitation of 
each methods. 
However, the balance control systems will be degenerated as we grow older and this 
factor becomes the main reason of high risk falls among older people. Therefore, a better and 
deeper understanding of postural control strategies needs to be understood first before the 
development of training and rehabilitation tools can be developed. 
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Table 1 Balance ability assessment method available 
Method Advantage Limitation 




 No special equipment 
 Good internal consistency 
reliability 
 Interrater reliability 
 High possibility of 
misjudge 
 Demonstrated only 53% 
sensitivity 




 Fit with clinical environment 
 Acceptable to be used as a 
screening test for fall 
 Rapid drop in sensitivity 
 Was recommended to be 
improved 
Fugl- Meyer 
(Hui-Fen, et al., 
2012) 
 Only for half impairment patient  Longer time 
 Need a quiet place 






 Useful in prediction of postural 
stressor 
 Need to use additional tool 
to improve data collection 
 Exposed to human error 
2) Physiological Assessment Method 
Dynamic 
Posturography 
 Able to apply sensory 
manipulations 
 Useful and able to detect disease 
due to weakened of sensory and 
cognitive function 
 Poor discriminative ability 
 Complex data analysis and 
data collection 
 Complex attachment on 
patient body 
 Unable to detect defect on 
posture performance  
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 Perturbation in Postural Control Systems 
Used of the perturbation as an external force as one of the assessment method were 
reported by several researches [20,33] For example, Horak and Nasher (1986) and Torrence 
and Lena (2007) have done investigation on young and elderly people by providing external 
disturbance stimulus and record the standing posture balance on both subjects [1,34]. 
Perturbation can be induced by two methods which are by movable platform and vibration 
stimuli according to the purpose of the research’s objective. These two methods are used for 
mimicking external force in order to investigate and understanding about human balance 
postural control.  
Human balance and postural research frequently uses translations and titling 
perturbation of the surface on which a person stands. Apparatus like movable platform 
usually used to produce the perturbation for mimicking external force in order to observe 
balance postural control. On the movable platform, a force plate usually placed to measure 
the forces and moment applied to its top surface as a subject stand, steps, or jumps on it.  
The coordinative pattern of head, trunk, and leg will require changes to accommodate 
the different forces acting on the body. Several studies have investigated postural responses 
to sinusoidal surface frequencies and indicated that over a small range of anterior-posterior 
(A/P) translation frequencies (0.25-0.5Hz) observed a changes in the body inclination and 
some damping of head and COM motion as the frequencies increased [35, 36]. In 1999, 
Buchanan and Horak have investigated the frequency characteristics of human postural 
coordination and the function of vision in this coordination with six different frequencies (0.1, 
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0.25, 0.5, 0.75, 1.0 and 1.25Hz). The subjects tend to fix their head and upper trunk in fast 
translation frequencies (1.0 and 1.25Hz) in eye open and closed condition was observed. 
However, the AP displacement was higher in the condition of eyes close. These results 
suggest that both sensory and biomechanical constraints limit postural coordination patterns 






Figure 2. Experiment landscape of previous study of postural stability function with 
variable platform. 
Sasagawa et al (2009) had investigated the active stabilization by inclined surface on 
quite standing. However, the experiment only examined principally linear motion of body 
segments and had a limited range of experimental perturbations. Therefore, the effect of the 
postural control strategy when the sagittal plane was inclined without incognitive of the 
subjects was observed [37]. As a results, ankle joint motion and hip joint motion was in anti-
phase relation when higher frequency was applied (Figure 3). In eye closed condition, 
electromyography (EMG) shown affected by frequency and unperceived support surface 
changes. 
 







Figure 3. Cross-correlation function of ankle and hip result 
According to previous study, joint stiffness was observed able to describe certain 
issue regarding to movement performance. Besides, visual input also plays an important role 
in balancing process. Aizreena et al. (2014) had reported that joint stiffness becomes high 
during difficult balance situation. Based on the Figure 4, under weak sensory input condition, 
subject almost unable to adapt and joint stiffness was keep increasing in order to remain their 
balance. Besides, adaptation in postural control also can be observed by inducing continuous 
translation perturbation [38].  
There have been a number of studies about coordination of body that afford stability 
in dynamic postural balance under both discrete [39,40] and continuous oscillation [20,21] 
of motion base of support. Many researchers were reported had used support surface 
perturbation as experiment methods in order to investigate different patterns of postural 
strategies [21-23]. According to the previous study, lower extremities plays an important 
role in balance. Ascending sensory pathway from sole then regulates muscle activation to 
initiate ankle motion then activated hip motion and finally the upper body including trunk 
and head [24]. Without sufficient activation or response from lower extremities, it is difficult  
 









Figure 4 Comparison of average adaptation percentage of joint stiffness between normal 
(O) and sensory condition (±SE). 
for nervous systems to provide a feedback to generate an efficient strategy and preventing 
from falling. Therefore, it is believed that support surface perturbation which acted as an 
external perturbation was enough to induced postural control pattern. Besides, this 
perturbation can replicate daily life activities such as slipping, tripping and also stepping. 
However, there we still lack investigation on the effect of continuous translation frequency 
of dynamic tasks to the selection of postural strategies in different order of frequency 
perturbation. These leaves open the question whether the order of frequency perturbation 
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 Human Postural Control Strategies Transition 
Depending on task requirements, human is able to select distinct strategies. Two 
primary postural control strategies were identified in upright bipedal which are ankle strategy 
and hip strategy [1,9]. Ankle strategy is viewed as an inverted pendulum with the motion 
around ankle joint. Meanwhile, the hip strategy is used when the postural stability facing 
particular constraint to the posture where the motion was around hip joint. With the presence 
of hip strategy, Buchanan et al. suggested that a single link inverted pendulum will split into 
multi-link model. Besides, these two primary postural control strategy, an additional strategy 
mode has also been identified that incorporates the ankle and hip strategies into a 
coordinative strategy. However, how the selection of these strategies to maintain balance 
were made still unknown and need to be investigated more. In this study, we only observed 
on the ankle and hip strategies since these strategies were mainly used in postural control. 
The selection of postural responses was influenced by the perturbation conditions, 
experience, adaptation and also fear of falling [3-5]. However, the selecting of an ankle and 
hip strategy in postural control balance still remain unclear. The capability of accelerating 
COM can be increased by using hip strategy and the muscle activity for the desired COM 
acceleration is lower during hip strategy [41]. Besides, the selection of a specific postural 
responses can be explained by the balance between energy consumption and postural stability 
[42].  
Many researchers have been reported on factors that influence postural control 
strategy. Sasagawa et al. have reported that the musculoskeletal systems and nervous systems 
 
20 | P a g e  
 
change with the inclination of the support surface translation [43]. In addition, Buchanan et 
al. have conducted experiment to examine the effect of frequency in sinusoidal platform 
translation on postural movement. The coordination patterns between body segments were 
changed due to the changes of frequency was reported [20]. Therefore, the perturbation type 
and frequency become important factors in investigating postural control strategies. Besides, 
Ishizawa et al. and Kawano et al. had further the investigation by changing the angle of the 
platform translation frequency [44,37]. However, due to the possibility that the surface 
support inclination may be perceived visually and aurally, changes of the support surface 
inclination during dynamic perturbation was considered. 
The control of upright stance is a fundamental aspect of motor control. Being able to 
maintain and successfully adapt posture is crucial to interacting with constantly changing and 
novel environments. The neuromuscular system plays a prominent role in the control of 
posture. Information about the body’s position and movement in space, and in relation to the 
environment, is gained through the somatosensory, visual, and vestibular systems [45]. The 
afferent sensory information is integrated and weighted in the central nervous system, and 
efferent motor potentials are elicited to maintain postural control. Understanding how the 
control of posture is modulated during changing environmental conditions is important to 
understand the flexibility and adaptability of postural control.  
One way of changing the environmental conditions during the study of postural 
control is to move the support surface and analyze the response to those movements. 
Extensive work has been done with support surface translations, both using discrete and 
continuous translations [20,46,25]. Discrete translations provide a simulation of a slip or trip 
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and then analyze the postural response, while continuous translations provide a constantly 
changing environment and analyze how the postural control system adapts to the new 
environment. Continuous support surface translations have mostly been performed using 
sinusoidal translations that vary in frequency and amplitude [47-48]; however, research 
related to studies on adapting to complex signals is still limited. One previous study from the 
authors using complex support surface translations found that the structure of postural sway 
in healthy young subjects would trend towards the structure of the support surface 
movements. It was shown that when the complexity of the support surface movement was 
reduced, there was also a reduction in the complexity of postural sway [49]. 
The ability to move in an effortless manner between stable postural states is an 
essential, but poorly understood, feature of biological coordination. Such ability clearly 
emerges from the inherent neurological and anatomical redundancies built into many 
biological systems. At the neurological level, sensory information from three separate 
sensory systems, vision, somatosensory, and vestibular, is integrated to produce stable states 
of postural equilibrium. Information from these sensory systems is redundant in that high 
frequency information may be provided by the semicircular canals and somatosensory 
receptors, while low frequency information may be provided by the otolith organs and visual 
system [50]. Separating out the contributions of the above three systems has proven to be 
quite a difficult task and is far from being completely understood [51]. Since the human body 
is a multilink system, mechanical redundancies are also quite prevalent. For example, 
automatic postural responses to discrete surface translations can move the COM slowly over 
a long distance using an inverted pendulum-like ankle strategy or quickly, over a short 
distance using rapid motion of the trunk, a hip strategy [1]. Even with extensive redundancy, 
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static equilibrium imposes its constraint in that the vertical projection of the body’s COM 
must remain within the base of support. The control and coordination of our individual joints 
in complex multilink movements must take into account the maintenance of postural 
equilibrium. 
Studies employing sinusoidal surface perturbations can induce transitions between 
postural patterns. Several studies have demonstrated that support surface oscillations ≤0.5 
Hz allow subjects to remain in upright stance and ride the platform with little motion about 
the ankles, knees, or hips [52,53,54,20,46]. For translation frequencies >0.5 Hz, a different 
postural pattern emerges, with the head and upper trunk fixed in space relative to the moving 
platform with extensive motion about the ankles, hips, and knees [53,54,20,46]. This 
demarcation between postural patterns as a function of translation frequency fits nicely with 
the results from moving room [55] and visual field oscillation studies [56,57,58,59]. Postural 
sway can be driven by visual field oscillation frequencies ≤0.5 Hz [58,59]. Buchanan and 
Horak (1999) argue that fixing the head in space at surface translation frequencies ≥0.5 Hz 
removes the visual scene oscillation produced by the translating support surface, thus 
allowing vision to aid in high frequency postural control. With the head fixed in space, a very 
stable platform is also provided for the vestibular system so that it may react to either slower 
or faster frequency perturbations than those at the surface driving frequency. In this case, 
both visual and vestibular information may be providing convergent feedback to help 
maintain the head and trunk’s fixed position in space, while the lower half of the body is 
reacting to the fast surface perturbations through somatosensory feedback. In all of the above 
studies, support surface translations remained constant within a trial. A study by Dietz et al. 
(1992) did explore increasing and decreasing oscillation frequencies within a single trial. 
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However, the frequency range studied fell between 0.25 and 0.5 Hz, an oscillation frequency 
range dominated by the ride pattern of postural equilibrium [20,46]. Thus, questions related 
to how the postural system transitions between postural strategies by recruiting and 
suppressing motion about individual joints could not be addressed completely.  
Human bipedal stance is inherently unstable due to its configuration as an inverted 
pendulum. This instability is compensated by meticulous cooperative functions of visual, 
vestibular, and somatosensory systems [60]. Hence, the impairment of these functions due to 
aging should significantly affect the postural control in the elderly [61,62]. One of the most 
well-known symptoms experienced by the elderly is an increased body sway during quiet 
standing, compared to young person [63,64,65]. Quiet standing posture is often approximated 
as a single-link inverted pendulum [67]. However, recent studies have pointed out that hip 
joint plays a significant role in postural maintenance even during quiet standing [63-66]. For 
example, Aramaki et al. [67] demonstrated that the hip-joint movement is larger than the 
ankle joint movement during quiet standing. Therefore, it is necessary to analyze the 
coordination of the two segments when we investigate the aging of postural control during 
quiet standing. Indeed, Accornero et al. [68] demonstrated the change of coordination due to 
aging, i.e., the link between trunk and leg segments is enhanced in the elderly compared to 
the young. Aramaki et al. [67] also demonstrated that, although the hip-joint action is 
considerable, its angular acceleration is in an anti-phase relationship with the ankle-joint’s 
angular acceleration, which contributes to reducing the COM acceleration. This mechanism 
is thought to work by the anti-phase action between trunk and leg segments canceling out 
each other’s acceleration. Such tightly controlled segmental action is widely seen in various 
human movements and it is intensively studied. The segmental action in human movements 
 
24 | P a g e  
 
is theorized as the Minimum Intervention Principle [69] and is similarly conceptualized in 
the UnControlled Manifold concept (UCM) [70]. The UCM has revealed that body segments 
are coordinated to stabilize the COM position during standing [70]. The uniqueness of the 
finding by Aramaki et al. [67] was that the anti-phase action between trunk and leg segments 
was seen in their angular accelerations, and that such coordinated segmental action was 
mathematically proven to reduce the COM acceleration. Recently, Hsu et al. [71] investigated 
the aging effect on the recovery from an unexpected perturbation during standing using UCM, 
and found that the elderly reduces the coordination of trunk and leg segments. Considering 
that the COM acceleration is higher in the elderly [65], we can hypothesize that the anti-
phase relationship between the accelerations of trunk and leg segments is attenuated in the 
elderly, and that the COM acceleration is larger in the elderly than the young due to this aging 
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 Logistic Function of Sigmoid Function 
The logistic function is a predictive analysis. The logistic curve describes the growth 
of a population over time. The first form of logistic function was published by Pierre Francois 
Verhulst who is a mathematician in 1838. Then, in 1920, Raymond Pearl and Lowell Reed 
rediscovered it and promoted in the integrated form [72] as below: 




where N(t) is the number of individuals at time t, K is the maximum number of the individuals 
that environment can support, r is the intrinsic growth rate and a is a constant of integration.  
The vertical axis stands for the probability for a given classification and the horizontal axis 
is the value of x. It assumes that the distribution of is Bernoulli distribution. Here is similar 
to the linear model y = ax + b. The logistic function applies a sigmoid function to restrict the 
y value from a large scale to within the range 0–1 as shown in Figure 5. 
 
Figure 5 Example of logistic function of sigmoid function graph. 
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In general, a sigmoid function is a mathematical function which having an “S” shape 
or curve. Often sigmoid function refers to the special case of the logistic function and 
presented as below:  




Sigmoid functions are used in numerous other research areas. A flexible sigmoid 
functions find multiple applications to neural networks and cell growth population models 
[73,74]. Several practically important families of smooth sigmoid functions arise from 
population dynamics. From the perspective of fundamental science sigmoid functions are of 
special interest in abstract areas such as approximation theory, functional analysis and 
probability theory. From the perspective of applied mathematics and modeling sigmoid 
functions find their place in numerous areas of life and social sciences, physics and 
engineering, to mention a few familiar applications: population dynamics, artificial neural 
networks, signal and image processing antenna feeding techniques, finances and insurance. 
Sigmoid model was commonly used in predicted growth development. Research on 
innovation in different technology sectors suggests that technologies mature through a 
characteristic, sigmoid growth cycle (S-curve) (Figure 6) and that the ability to generate 
successful products is predictably related to technology maturity [75-80]. The key feature of 
the technology S-curve is a stage of exponential growth sparked by a scientific insight or 
invention. This “initiation” event is followed by exponential advances that continue until 
limits are encountered and growth slows. At this point, the technology is considered 
“established.” Although new insights and inventions offer the promise of new product 
opportunities, nascent technologies commonly fail to generate products that can meet the  
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standards set by previous, established technologies [75,76]. Only as the nascent technologies 
mature to the point of being established are they able to generate state-of-the-art products 
that can satisfy prevailing performance standards. 
There are several application of sigmoid function in related to human science. Marco 
et. al (2006) has used the sigmoid coding function of trunk acceleration for audio and visual 
biofeedback (BF) on postural sway comparing with linear coding.  They have mentioned that 
the sigmoid coding function introduced 2 major characteristics: 1) the feedback was given 
only when movement exceeded a threshold (i.e., when it was most needed); 2) as soon as the 
threshold was exceeded the sigmoid function guaranteed a very sensitive BF modulation 
followed by saturation. Furthermore, a general least squares model of a custom three-
parameter sigmoid function similar to one developed in transcranial magnetic simulation 
(TMS) research was used to fit the ascending limb of all recruitment curves [81,82].  Besides, 
this function also used to describe the processes in human brain [83,84]. 
 
Figure 6 Quantitative model of the technology growth S-curve 
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 Postural control actions often co-occur with other movements and such movements 
may bring about a change from one type of postural coordination to another. This can be 
caused by the basic patterns of postural coordination being centrally represented by a set of 
motor programs, and postural transitions are behavioral consequences of changes between 
programs operating at the level of the CNS [9-10]. These, as well as the changes between 
postural states are consequences of the self-organized nature of the postural system which 
exhibit properties of non-equilibrium phase transitions between attractors [11]. Typically, 
continuous relative phase (CRP) [12] or point estimate relative phase (PRP) [13] have been 
applied to investigate the coordination relation of two variables [14]. Other methods can also 
be considered in defining the coordination relation of two variables, such as cross correlation 
function (CCF) analysis. This analysis is a powerful, efficient and relatively easy-to-apply 
tools for quantifying associations between variables. It also can be very useful for 
investigating spatial and temporal relationships between time-varying signals and can 
provide further insight into the coordination of movement, muscle activation patterns and 
isolation noise within a signal. Furthermore, since the CCF coefficient data shows a 
resemblance to a sigmoidal pattern, we proposed that the transition frequency could be 
identified by using the logistic function of the sigmoid model. This is because, the sigmoid 
model provides a good example of non-linear and quickly increasing functions of the 
probability of disclosure and makes computation easier [15]. While most traditional 
nonlinear activation functions are bounded, simpler piecewise linear activation functions 
have become popular because of their computational efficiency and robustness in preventing 
saturation [16]. Therefore, the sigmoid model is a reliable analysis technique which mimics 
the physiologically based prediction of the input/output relation [17]. 
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 Inverted Pendulum Model 
Maintaining upright bipedal stance is an important skill of humans for many activities 
of everyday life. Inverted pendulum model has been beneficial to describe postural sway and 
it is used widely in analysis of postural control system. Single inverted pendulum was pivoted 
around the ankle. Single and double link inverted pendulum was shown as in Figure 7 below. 
Maurer et al. (2005) have developed a simple model of human posture control at spontaneous 
sway based on single link inverted pendulum where the output is restricted to sagittal plane 
which able to simulate both the COM and COP traces [85]. The results have shown that this 
simple feedback model able to reproduce realistic sway behavior and produced high 
correlation with experimental results. Unfortunately, this model did not interpret the motion 
of joint which play an important role in determination of posture control strategy. 
Many researches have been done in order to model human balance process. Under 
more difficult situation, Buchanan et al., (1999) suggested that this single link inverted 
pendulum will split into multi-link model [20]. One of the earlier research was done by 
Fitzpatrick et al. (1992), where they tried to model human postural modulation at waist level 
[86]. However, there were some weakness where it failed to provide direct estimation of the 
ankle motion characteristic response.  
 






(a) Single link                                                        (b) Multi-link  
Figure 7  Single inverted pendulum model to represent human posture control 














This chapter focuses on the experimental part of postural strategy control characteristics 
and transition point toward changes frequencies. The schematic diagram and the photograph 
of the system are given. All the technical and analytical methods used in this research are 
addressed. 
 Participants 
In this study, 20 healthy young male subjects participated. Subjects physical details 
were shown in Table 2 below. The subjects sample size (n) was confirmed with sample size 
calculation. The minimum size for every parameter; increasing frequency (COM–COP, 
n=14; ankle-hip, n=8) and decreasing frequency (COM-COP, n=13; ankle-hip, n=9) was 
obtained. From the calculation, it was confirmed that the sample size was sufficient for 
conducting the experiment. Young and healthy subjects were selected for the determination 
of transition frequency due to their agility and ability for a better control strategy. All healthy 
subjects were free from neurological disorders, balance disorders, and vestibular function 
disorders. They had no history of neurological impairment. Information regarding the 
subjects’ history of falls and physical condition were recorded as references. The 
experimental procedure was approved by the ethical committee of our research institute. 
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Table 2 Subjects physical details 
Details 
Gender Male (n=20) 
Age 25.70 (±4.42) years old 
Height 170.43±6.63 cm 












33 | P a g e  
 
 Experimental Set-up 
Overall experiment setup was shown as in Figure 8. Subjects were requested to stay 
standing quietly for 30 s to record quiet standing data. Then, subjects were exposed to 
external surface continuous translation perturbation with two types of frequency orders, 
which increased (0.2 Hz to 0.8 Hz) and decreased (0.8 Hz to 0.2 Hz) in 0.02Hz steps with a 
displacement of 100 mm peak-to-peak. Buchanan et. al. has stated that the transition 
frequency occurs at a frequency of 0.5 Hz and above. Therefore, the selection of these 
frequencies which is from 0.2 H to 0.8 Hz, with 0.5 Hz in between, was used in the 
determination of transition frequency. A 0.02 Hz step of frequency was implemented in order 
for subjects not to notice the slight changes of the translation frequency. Besides, this 
approach can avoid sudden changes and the subjects can react naturally in executing postural 
control strategies. Each frequency changed after five oscillation cycles. These two order 
frequencies were applied to observe the transition changes of postural control strategies. The 
subjects were instructed to maintain their postural balance while the continuous translation 
perturbations were given with barefoot, eyes open and focused at a mark that is set at the eye 
level. The total duration experiment was about 373 (s) for each subject in both increasing and 
decreasing frequencies. The subjects’ vision and vestibular sensory were not manipulated. 
 






Figure 8 Experiment set-up 
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 Experimental Apparatus 
An external continuous translation perturbation in an AP direction was produced by 
a 6-axis movable platform (MB-150, Cosmate, Japan). A force platform (9286A, Kistler, 
Japan) was used to derive the displacement of the body’s COP and mounted on the moving 
platform. A 3-D motion capture analysis system with ten high-precision infrared cameras 
(Kestrel camera, Motion Analysis, USA) was used to record the motion of the passive marker 
attached over the joints of the subjects. 18 fixed reflective markers were attached over the 
subjects’ joints as shown in Figure 9. Both right and left knees were locked to prevent bias 
movement from the knees as in Figure 10 by using a pair of wood splints sandwiched around 




Figure 9 Reflective marker location  
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Figure 10  The used of splints to avoid knee movement 
 
 Table 3 List of reflective marker location 
Marker Name Location 
M1, M2, M3, M4 On movable platform 
M5, M18 3rd metatarsal 
M6, M17 Lateral malleolus (ankle) 
M7, M16 Knee 
M8, M15 Trochanter of femur (hip) 
M9, M14 Iliac crest (pelvic) 
M10, M13 Shoulder 
M11 Behind the head 
M12 Top of the head 
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 Data Collection  
Motion capture data which is marker data undergo its own post processing in order 
to create and gather marker’s name and coordinate. All disconnected frame of marker 
position needs to be corrected and smoothed to eliminate noise. Furthermore, force plate data 
was also filtered with 2nd Butterworth filter with a cut off 6Hz to eliminate noise especially 
from the power line and movement. Each data was then resampled to sampling frequency of 
200Hz. The coordinated data from motion capture were collected as raw data for calculation 
process. 
 The COM was calculated from the eight-segment model. The total body COM 
position was obtained by the weighted summation of the individual segment COM position 
as mentioned in (1). The ground reaction force (𝐹𝑣 was obtained by summed up all the vertical 
forces from the strange gauge (i.e: 𝑓𝑧1, 𝑓𝑧2, 𝑓𝑧3 and 𝑓𝑧4) of the force plate as shown in Figure 
11. The force plate moment in x-axis (𝑀𝑥) was generated by these vertical forces as shown 
in equation (2).  Joint movement coordinate (x, y, z) obtained from motion analysis systems 
with 1kHz sample rate were used to measure joint angle displacement (𝜃𝑎𝑛𝑘𝑙𝑒 and 𝜃ℎ𝑖𝑝) and 
body segment length (ℎ𝑎𝑛𝑘𝑙𝑒 , ℎℎ𝑖𝑝,  and ℎ𝑠𝑒𝑔 )  for segmental COM location. The COP 
displacement was determined from (3) below where 𝑑𝑧 was a distance from the surface to 
the platform origin. The ankle and hip angle displacement were calculated with equation (4) 
by using 2 vectors as shown in Figure 12. The average of head peak-to-peak amplitude for 
each frequency was also calculated. Torque at each joint was calculated with equation (5) 
and (6) 
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COM and COP displacement in AP direction: 
𝐶𝑂𝑀𝐴𝑃(𝑚𝑚) = ∑(𝐶𝑂𝑀𝑒𝑎𝑐ℎ 𝑠𝑒𝑔 × 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑎𝑙𝑢𝑒𝑒𝑎𝑐ℎ 𝑠𝑒𝑔 ), 
where constant value is from anthropometric data table below 
Segment Segment Weight/Total Body Weight 




Left/Right Thigh 0.1 
Left/Right Leg 0.0465 
Left/Right Foot 0.0145 
*Biomechanics and Motor Control of Human Movement, 3rd edition (DA Winter) 
(1) 
𝑀𝑥 = 𝑎(𝑓𝑧1 + 𝑓𝑧2 + 𝑓𝑧3 + 𝑓𝑧4)                                           
𝐶𝑂𝑃𝐴𝑃(𝑚𝑚) =
𝑀𝑥 − (𝐹𝑦 ∙ 𝑑𝑧)
𝐹𝑣
 






Figure 11 Force distribution on force plate 
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Ankle and hip angle displacement in AP direction: 
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Torque calculation as below: 
 Ankle 
  ∑ 𝐹𝑥 =  𝑚𝑓𝛼𝑥   
  𝐴𝑥 + 𝐺𝑅𝐹𝑥 =  𝑚𝑓𝛼𝑥   
  𝐴𝑥 =  𝑚𝑓𝛼𝑥 − 𝐺𝑅𝐹𝑥 
  ∑ 𝐹𝑦 =  𝑚𝑓𝛼𝑦 
  𝐴𝑦 + 𝐺𝑅𝐹𝑦 − 𝑚𝑓𝑔 =  𝑚𝑓𝛼𝑦 
  𝐴𝑦 =  𝑚𝑓𝛼𝑦 − 𝐺𝑅𝐹𝑦 + 𝑚𝑓𝑔 
 
∑ 𝑀𝑓 = 𝐼𝑎𝑓 
         Mf − 𝐴𝑥(𝑌1) −  𝐴𝑦(𝑋1) +  𝐺𝑅𝐹𝑥(𝑌2) −  𝐺𝑅𝐹𝑥(𝑋2) =  𝐼𝛼𝑓  
   Mf =  𝐼𝛼𝑓 + 𝐴𝑥(𝑌1) +  𝐴𝑦(𝑋1) −  𝐺𝑅𝐹𝑥(𝑌2) +  𝐺𝑅𝐹𝑥(𝑋2)        (5) 
Symbol Note Unit 
Mf Ankle Mass kg 
G Gravity Acceleration m/s^2 
αx, αy Ankle Acceleration m/s^2 
Αf Ankle Angle Joint Acceleration  rad/s^2 
I Moment Inertia Kg*m^2 
X1,Y1 
Distance between ankle center and mass center 
m 











∑ 𝐹𝑥 = 𝑚𝑙𝛼𝑥 
   Hx − Ax = mlax 
                  Hx = Ax + mlax 
 
    ∑ 𝐹𝑦 = 𝑚𝑙𝑎𝑦 
   Hy – Ay – mlg = mlay 
   Hy = Ay + mfg + mlay 
 
∑ 𝑀𝑙 = 𝐼𝑎𝑙 
                                             Mh – Mf – Hx (Y1 + Hy (X1)) – Ax (Y2) + Ay (X2) = I|?́?| 
                                              Mh = I|?́?|+ Mf + Hx (Y1) – Hy (X1) + Ax (Y2) – Ay (X2)       (6)  
Symbol Note Unit 
Ml Hip mass kg 
G Gravity Acceleration m/s^2 
αx, αy Hip Acceleration m/s^2 
Αl Ankle Angle Joint Acceleration rad/s^2 
I Moment Inertia Kg*m^2 
X1,Y1 Distance between hip center and mass center m 
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 Data Analysis  
 Cross-correlation Function 
This study focused on observing the changes of postural control strategies, especially 
regarding the transition frequency of COM-COP and ankle-hip angle toward increased and 
decreased frequency translation perturbation. In this paper, CCF analysis was used to 
observe the correlation between COM-COP and ankle-hip angle. This analysis is a powerful, 
efficient and relatively easy-to-apply tool for quantifying associations between variables. It 
also can be very useful for investigating spatial and temporal relationships between time-
varying signals and can provide further insight into the coordination of movement, muscle 
activation patterns and isolation noise within a signal [87]. The coefficient value range was 
between -1.0 and 1.0. A CCF coefficient of -1.0 shows a perfect negative correlation, while 
a coefficient of 1.0 shows a perfect positive correlation. A calculated number greater than 
1.0 or less than -1.0 means that there was an error in the measurement. Cross-correlation 
involves correlating two different time-varying signals against each other. It was calculated 
using the following equation, where x and y are the sample data: 
r =
𝑛(∑ 𝑥𝑦) − (∑ 𝑥)(∑ 𝑦)
√[𝑛 ∑ 𝑥2 − (∑ 𝑥)2][𝑛 ∑ 𝑦2 − (∑ 𝑦)2]
 
There was a total of 31 frequencies, from 0.2 Hz to 0.8 Hz with 0.02 Hz steps. Each 
frequency comprised 5 cycles which gave a total of 150 cycles with the exception of 0.2Hz 
trials, which comprised 6 cycles. The first cycle of 0.2 Hz was eliminated in order to cut out 
unnecessary movement at the beginning of the experiment. Average of 5 cycles from every 
(7) 
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frequency was calculated. Then, by using value of average cycle, CCF coefficients were 
calculated for COM-COP and ankle-hip angle in order to observe the correlation of these two 
cycles. 
 Logistic Function of Sigmoid Function 
Sigmoid model provides a good example of non-linear and quickly increasing and 
decreasing functions of the probability of disclosure and make computation easier [15]. 
Besides, the sigmoid model is a reliable analysis technique which mimics the 
physiologically based prediction. In this paper, the CCF coefficient data distribution graph 
exhibits a sigmoidal pattern at increasing and decreasing stimulation intensities. Therefore, 
we proposed the sigmoid model in order to determine the transition phase of human postural 
control strategies. A general least square model which similar to one developed in 
investigation of ascending limb of all recruitment curves and TMS research was used [17]. 
In this research, a custom four-parameter sigmoid model was modified as shown in the 





where L is the vertical range of model, k is the growth rate or slope of the model, and x is 
the CCF coefficient data distribution. Furthermore, 𝑥0 is determined as the transition 
frequency and 𝑦0  is the vertical correcting position of the model. Transition frequency value 
obtained by the midpoint of x value (in this study x value is frequency) of the growth rate as 
shown in Figure 13. The sigmoid model is a clinically or phenomenological based model 
(8) 
 








(a) Increasing frequency 
(b) Decreasing frequency                       
Figure 13  Example of CCF data distribution with the sigmoid model graph at (a) 
increasing and (b) decreasing frequency order conditions. An area in between upper 
distribution and lower distribution of each condition was determined as the transition 
phase (indicated in light blue area) where the transition frequency was observed. SM; 
sigmoid model;  FS; frequency slip; FC; frequency convergence; TF: transition 
frequency point; CC-Avg: average of Cross-correlation function coefficient data; CC-
All: all data of Cross-correlation function coefficient. 
 

















Figure 14 Flowchart for Sigmoid model determination 
which performs based on the observation of postural behavior through CCF coefficient data 
distribution. This method utilizes curve fitting using a logistic function, which is optimized 
using the particle swarm optimization (PSO) technique (See Section 3.5.3). The model with 
lowest minimum absolute error was chosen as the best model providing sigmoid model. The 
Sigmoid Model (SGM) 
Have Transition 
Phase Frequency 




SGM > 0 
Particle Swarm Optimization 
(PSO) 
Minimum Absolute error 
Find the most suitable 
position and location for 
Sigmoid model  
Cross-correlation function data 
No Transition Phase 
Frequency 
0.2 Hz >TP>0.8 Hz) 
 
YES NO 
SGM < 0 
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error of each model was defined as the sum of difference between sigmoid model and CCF 
input data. Then, the sum of error where absolute as below: 
Error = SGM data –CCF input data 
                                                      = sum (|Error|) 
 
This model clearly can divide upper and lower distribution and the slope in between 
as shown in Figure 13 above. In order to find transition frequency for each subject, first, we 
determine the initial slip and convergence of the model by the velocity of sigmoid model 
data. The slope between initial slip and convergence was defined as a transition phase where 
indicate the transition happen from the positive phase shift to negative phase shift and vice 
versa.  
Several rules have been decided to determine transition frequency in this study as in 
Figure 14. In this study, sigmoid model was contained of four parameters. Sigmoid model 
with obtained transition frequency with less than 0.2 Hz and more than 0.8 Hz was 
categorized as having a transition frequency phase. Others than the range mentioned before, 
it was categorized as having no transition. In no transition condition, the sigmoid will be 
separated into to group which are in-phase condition when the model is higher than 0 and 
anti-phase condition when the model is lower than 0 as shown in Figure 15. Besides, the 
sigmoid model with L range more than 0.6 was decided as a condition for obtained sigmoid 
model (see Figure 16). The value of L range was decided according to CCF coefficient value 
standard where the correlation more than 0.3, each at both positive and negative side, is 
strong.  
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In-phase condition Anti-phase condition 
Figure 15 Example of model with no transition. Left side is when the model determines 
in-phase pattern. Right side is when the model determines anti-phase pattern. 
 
Figure 16 Sigmoid model with L more than 0.6 (0.3 above and -0.3 below represent in 
blue color range)  
We calculated the coefficient of determination (𝑟2) which also defined as global 
goodness-of-fit of sigmoid model to clarify the fitness of the model towards CCF coefficient 
data. 𝑟2was calculated in order to define the fitness of the model since the model is a linear 
L>0.6 
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regression. The 𝑟2value more than 0.126 with one variable was indicated as accepted to 
fitness of the model. 
 Particle Swarm Optimization (PSO) 
The particle swarm optimization (PSO) method is inspired by the flocking and 
schooling patterns of bird s and fish which was proposed by Eberhant and Kennedy on 1995 
[88]. Assumed that we have particles to simulate social behavior which are moving or ‘flying’ 
around in multidimensional search space. These particles have their own position and 
velocity. The particles evaluate and update their positions with a fitness value at each iteration. 
Each particle remembers its own previous best-found position by attracting the particles to 
better positions with good solution. Then, the particle in the group share memories of their 
best positions and use those memories to adjust their own velocity and positions. The flow 
of the PSO method process was showed in Figure 17 below. Equation below represent how 
each particle updates their velocity and position: 
Update the velocity vector for each particle: 
𝑣𝑖(𝑡 + 1) = 𝑤𝑣𝑖(𝑡) + 𝑐1𝑟1[?̂?𝑖(𝑡) − 𝑥𝑖(𝑡)] + 𝑐2𝑟2[𝑔(𝑡) − 𝑥𝑖(𝑡)]       (9) 
Update the position vector for each particle: 
























Figure 17  Flowchart of the particle swarm optimization [89] 
Start 
Swarm initialization 
Particle fitness evaluating 
Calculating the individual historical optimal position 
Calculating the swarm historical optimal position 
 
Updating particle velocity and position according to 
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where 𝑖  is particle index,  𝑤  is inertial weight, 𝑐1  is cognitive learning gain, 𝑐2  is social 
learning gain, 𝑟1 and  𝑟2 is random numbers (uniformly distributed in the range of 0 to 1), 
𝑣𝑖(𝑡) is particle’s velocity at the time t, 𝑥𝑖(𝑡) is the particle’s position at time t, ?̂?𝑖(𝑡) is 
particle’s individual best solution as of time t, and 𝑔(𝑡) is swarm’s best solution as of time t.  
PSO method has many advantages such as rapid convergence, less computation 
overhead and ease of implementation. Many areas have applied PSO method such as function 
optimization, artificial neural network training, pattern classification and many more [89,90]. 
 Human inverted pendulum model  
The development of simulation model of single and double inverted pendulum was 
based on equation below. The equation of motion was derived for the system. First, the 
equation of motion was derived by considering the x and y component of joint displacement 
as below: 
𝑥1 =  𝑙1 sin 𝜃1 
𝑦1 =  𝑙1 cos 𝜃1 
𝑥2 =  𝑙2 sin 𝜃2 + 𝑙1 sin 𝜃1 
𝑦2 =  𝑙2 cos 𝜃2 + 𝑙1 cos 𝜃1 
 
Potential Energy 
                                       𝑃𝐸 = 𝑚𝑔ℎ 
       = 𝑚1𝑔𝑙1 cos 𝜃1 + 𝑚2𝑔(𝑙2 cos 𝜃1 + 𝑙1 cos 𝜃1) 
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Kinetic energy 
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Langrangian concept: 
 𝐿 = 𝐾𝐸 − 𝑃𝐸 
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− 𝑚1𝑔𝑙1 cos 𝜃1 − 𝑚2𝑔(𝑙2 cos 𝜃1 + 𝑙1 cos 𝜃1) 









2𝑙2(cos 𝜃1 − 𝜃2))
− 𝑚1𝑔𝑙1 cos 𝜃1 − 𝑚2𝑔(𝑙2 cos 𝜃1 + 𝑙1 cos 𝜃1) 
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 Statistical Analysis  
The transition frequencies of all subjects were summarized in the table in result 
section in terms of frequency. A comparison of the transition frequency between increasing 
and decreasing frequency of COM-COP and ankle-hip angles, comparison between COM-
COP and ankle-hip transition frequency in increased and decreased frequency were analyzed 
by using paired t-test analysis with a significant level of p<0.05. Besides, two-way ANOVA 
analysis was used to observe the comparison between individual subjects. The Bonferroni 
post hoc test was used to determine the differences on all level comparisons for the 















In this chapter, the characteristic of kinematic and kinetic parameter, transition frequency 
and the effect of vision towards changing frequencies are discussed. 
4.1 Analysis of COM-COP and ankle-hip joint transition frequency phase by using 
cross-correlation function (CCF) 
  COM-COP displacement  
 All subjects were able to accomplish the task given perfectly. Figures below showed 
the waveform of the representative subject for COM and COP displacement during 
increasing and decreasing frequencies. Increasing frequency represent the changes of 
frequency form low to high frequency. Besides, decreasing frequency represent the changes 
of frequency from high to low frequency. COM and COP displacements were decreased with 
the increasing of frequency and vice versa for decreasing frequency. As shown in the Figure 
18 below, COP displacement was higher than COM displacement at high frequencies. 
 








a) Increasing frequency perturbation 
b) Decreasing frequency perturbation 
Figure 18 Time series of the COM and COP displacement. 
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 Ankle and hip joint displacement 
Figure 19 shows the waveform of ankle and hip joint displacement of representative 
subjects on time based. Based on the Figure 19, ankle and hip joint displacements were 
increasing with the increasing of frequency and decreasing with the decreasing frequency. 
From this results, it can be seen that ankle and hip joint were moving when the external force 




a) Increasing frequency perturbation 
b) Decreasing frequency perturbation 
Figure 19  Time series of the ankle and hip joint displacement. 
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 Head peak-to-peak amplitude 
Figure 20 illustrates the average value of head peak-to-peak amplitude for each 
frequency during increasing and decreasing frequency. During increasing frequency 
perturbation, the peak-to-peak amplitude was decreasing. It was obviously observed between 
0.42 Hz and 0.46 Hz were the head peak-to-peak amplitude was drop about 50%. Besides, 
during decreasing frequency perturbation, the head peak-to-peak amplitude was gradually 
increasing. However, during low frequency, the head peak-to-peak amplitude during 
decreasing frequency was lower than increasing frequency. A head peak-to-peak amplitude 
were significantly different between increasing and decreasing frequency conditions 
(p=0.036).  
 
Figure 20  Head peak-to-peak amplitude of all subjects for each frequency at increasing 
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 Analysis of transition frequency phase by using cross-correlation function (CCF) 
 COM-COP 
The main objective of this thesis is to observe the transition frequency phase of postural 
pattern coordination. To achieve this objective, cross-correlation function (CCF) analysis 
was used for estimating transition phase between COM-COP and ankle-hip joint variables. 
These variables were used as their role were important in order to maintain balance in 
postural coordination. Figure 21 below shows the average displacement value of COM and 
COP at each frequency of representative subject with CCF analysis (black line with dot). As 
the displacement of COM and COP decreased with the increasing frequency, the CCF 
coefficient was changed at the same spot with changes of displacement from positive 
coefficient to negative coefficient. In this study, the positive coefficient was when the COM 
and COP displacement were in in-phase condition as illustrate in Figure 18. Besides, when 
the CCF coefficient was negative, the COM and COP displacement were in anti-phase 
























b) Decreasing frequency 
Figure 21 COM and COP displacement during (a) increasing and (b) decreasing 
frequency with CCF coefficient graph. The red line represents COM, blue line is COP 
and black line with dot represent CCF coefficient graph.  
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4.2.2 Ankle-hip 
Figure 22 below shows the average value of ankle and hip joint displacement of 
representative subject with CCF analysis (black line with dot). As the displacement of ankle 
and hip joint increased with the increasing frequency, the phase between ankle and hip joint 
was changed from in-phase to anti-phase. The CCF coefficient was shown to be changed at 
the same spot with the changes of the phases of ankle and hip joint from positive coefficient 
to negative coefficient. This phenomenon was also being observed during decreasing 
frequency where the phase was changed from anti-phase to in-phase.  
 
 




b) Decreasing frequency 
Figure 22 Ankle and hip joint displacement during (a) increasing and (b) decreasing 
frequency with CCF coefficient graph. The red line represents ankle joint, blue line is hip 
joint and black line with dot represent CCF coefficient graph. 
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 Transition frequency 
Cross-correlation function was used to address transition between COM-COP and 
ankle-hip transition. Figure 23 illustrate transition of COM-COP and ankle-hip of 
representative subject. Regardless of the perturbation order, the subject exhibit the transition 




a) Increasing frequency 
 
b) Decreasing frequency  
Figure 23 CCF coefficient vs frequency of COM-COP and ankle-hip joint for (a) 
increasing frequency and (b) decreasing frequency of representative subject. Red line 
represents CCF coefficient graph of COM-COP and blue line for ankle-hip joint CCF 
coefficient graph. Light blue area indicates as transition frequency phase area where the 
transition was happened.  
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Table 4 Transition frequency of every subjects. Cross-correlation analysis was used in 
determination of transition frequency. 










Even though all subjects were free from neurological diseases, none applied the same 
transition frequency as in Table 4. Besides, not all subjects exhibit transition frequency where 
there also the subjects who was in in-phase and anti-phase patterns all the time. The mean 
value for COM-COP and ankle-hip transition during increasing frequency are 0.44 Hz 
(±0.15) and 0.36 Hz ((±0.09). 0.40 Hz (±0.07) and 0.36 Hz (±0.16) were during decreasing 
frequency. No significant differences were obtained between COM-COP and ankle-hip 







S1 0.46 0.42 
S2 0.26 0.22 
S3 0.42 0.30 
S4 IP IP 
S5 0.70 IP 
S6 0.34 0.48 
S7 0.70 0.40 
S8 0.40 0.32 
S9 AP AP 
S10 0.68 AP 
S11 IP 0.42 






S1 0.36 0.36 
S2 0.26 0.26 
S3 0.36 0.32 
S4 IP 0.46 
S5 0.44 0.68 
S6 IP AP 
S7 IP 0.30 
S8 AP AP 
S9 0.38 0.28 
S10 0.46 0.24 
S11 0.46 0.24 
Mean (SD) 0.40(±0.07) 0.36(±0.16) 
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Figure 24 The example of not consistent data of representative subject. 
The exact transition frequency value was difficult to obtain when the CCF coefficient 
data not consistent as shown in Figure 24. Therefore, we proposed new approach which is by 
using sigmoid model to determine the value of transition frequency. Next section will discuss 
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 Analysis of transition frequency phase by using sigmoid model (SGM) 
 Transition Frequency 
The relation of COM-COP and ankle-hip angle was analyzed by using CCF 
coefficient data and transition frequency was determined with the sigmoid model. COM-
COP and ankle-hip transition frequency for every subject and perturbation conditions for all 
trial were summarized and shown in Table 5 and 6 below. Even though all subjects were free 
from neurological disease, all subjects showed different transition frequency at both COM-
COP and ankle-hip. In this study research, transition frequency was determined to be 
happened between 0.2 Hz and 0.8 Hz. Below or above this range of frequency were determine 
as no transition. When no transition is detected, the CCF coefficient data is separate with two 
pattern which are in-phase or anti-phase patterns. 
Based on Table 5, seven subjects showed transition from in-phase to anti-phase of 
COM-COP transition at all trial for increasing frequency. However, eight subjects showed 
no transition for COM-COP at all trials. These subjects exhibit only in-phase pattern between 
COM and COP at all frequencies. 14 subjects showed transition frequency for ankle-hip 
transition. Two subject showed only in-phase pattern and one subject showed only anti-phase 
pattern on Trial 1. Three subjects showed only in-phase pattern in Trial 2 and Trial 3. The 
mean value of transition frequency for each trial is 0.51 Hz for Trial 1, 0.62 Hz for Trial 2 
and 0.59 Hz for Trial 3 for COM-COP transition; 0.50 Hz for Trial 1, 0.48 Hz for Trial 2 ad 
0.52 Hz for Trial 3 for ankle-hip transition. No significant difference was found between all 
trials in both COM-COP and ankle-hip transition.  
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 Increasing (COM-COP) 
Subject Trial 1 Trial 2 Trial 3 
S1 0.40 0.45 0.54 
S2 0.26 IP 0.27 
S3 0.22 IP 0.25 
S4 IP IP IP 
S5 IP IP IP 
S6 0.49 0.71 0.68 
S7 IP IP IP 
S8 0.49 0.77 0.79 
S9 IP IP IP 
S10 0.55 0.80 0.75 
S11 IP IP IP 
S12 0.56 0.56 0.67 
S13 IP IP 0.68 
S14 IP IP IP 
S15 0.59 0.52 0.67 
S16 0.71 0.75 IP 
S17 0.57 0.76 0.47 
S18 0.73 0.22 IP 
S19 IP IP IP 
S20 IP IP IP 
Mean (SD) 0.51(±0.15) 0.62(±0.18) 0.59(±0.19) 
 


















 Increasing (Ankle-hip) 
Subject Trial 1 Trial 2 Trial 3 
S1 0.70 0.47 0.53 
S2 0.45 0.49 0.59 
S3 0.22 0.58 0.61 
S4 0.77 0.35 0.20 
S5 0.72 0.70 0.61 
S6 AP 0.77 0.52 
S7 0.30 0.39 0.29 
S8 0.38 0.35 0.48 
S9 0.29 IP 0.32 
S10 0.25 0.24 IP 
S11 0.29 0.26 0.79 
S12 0.47 0.46 0.45 
S13 0.78 0.44 0.51 
S14 0.32 IP 0.66 
S15 0.65 0.45 0.38 
S16 0.65 0.45 0.70 
S17 0.56 0.58 0.49 
S18 0.69 0.69 0.76 
S19 IP IP IP 
S20 IP 0.23 IP 
Mean (SD) 0.50(±0.20) 0.48(±0.16) 0.52(±0.16) 
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Based on Table 6, 11 subjects showed transition from in-phase to anti-phase of COM-
COP transition at all trial for decreasing frequency. Five subjects showed no transition for 
COM-COP at all trial. These subjects only exhibit in-phase pattern between COM and COP. 
16 subjects showed transition frequency at all trial for ankle-hip transition. 19 subjects 
showed transition frequency at Trial 1. Three subjects showed only anti-phase pattern at Trial 
2 and three subject at Trial 3. The mean value of transition frequency for each trial is 0.55 
Hz for Trial 1, 0.51 Hz for Trial 2 and 0.51 Hz for Trial 3 for COM-COP transition; 0.51 Hz 
for Trial 1, 0.50 Hz for Trial 2 ad 0.52 Hz for Trial 3 for ankle-hip transition. No significant 
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 Decreasing (COM-COP) 
Subject Trial 1 Trial 2 Trial 3 
S1 0.33 0.29 0.50 
S2 0.70 0.70 0.25 
S3 0.35 0.38 0.72 
S4 0.28 0.58 IP 
S5 0.69 IP 0.32 
S6 IP IP IP 
S7 IP IP IP 
S8 0.60 0.40 0.23 
S9 0.44 0.78 0.51 
S10 0.31 0.66 0.22 
S11 IP IP 0.79 
S12 0.72 0.20 0.66 
S13 0.63 0.56 0.43 
S14 IP IP IP 
S15 0.53 0.47 0.66 
S16 0.63 0.37 0.73 
S17 0.73 0.74 0.67 
S18 0.70 IP IP 
S19 IP IP IP 
S20 IP IP IP 
Mean (SD) 0.55(±0.16) 0.51(±0.18) 0.51(±0.20) 
 






















 Decreasing (Ankle-Hip) 
Subject Trial 1 Trial 2 Trial 3 
S1 0.27 AP AP 
S2 0.52 0.31 0.32 
S3 0.56 0.46 0.76 
S4 0.79 0.73 0.60 
S5 0.74 0.71 0.58 
S6 0.26 0.42 0.36 
S7 0.58 0.41 0.21 
S8 0.25 0.27 0.34 
S9 0.68 0.42 0.71 
S10 0.24 0.57 0.62 
S11 0.60 0.67 0.59 
S12 0.55 0.33 0.42 
S13 0.60 0.53 0.50 
S14 0.32 0.73 0.72 
S15 0.40 0.57 0.44 
S16 AP AP AP 
S17 0.41 0.61 0.56 
S18 0.76 AP 0.41 
S19 0.77 0.26 AP 
S20 0.39 0.54 0.71 
Mean (SD) 0.51(±0.18) 0.50(±0.15) 0.52(±0.16) 
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 The model with highest correlation between all trial were choose to represent 
transition frequency for each subjects. The results were showed in Table 7 below for both 
increasing and decreasing for COM-COP and ankle-hip transition. In the total of 40 
transitions frequency of COM-COP and ankle-hip of 20 subjects, 11 transitions frequency 
showed the transitions of COM-COP and ankle-hip transition at frequency lower than 0.5 Hz 
during increasing perturbation condition. For decreasing frequency, 10 transition frequency 
showed the transition at frequency lower than 0.5 Hz. Eight subjects for increasing frequency 
and six subjects for decreasing frequency showed no transition, which only showed an in-
phase pattern for COM-COP. Two subjects showed only in-phase pattern during increasing 
frequency and only anti-phase pattern during decreasing frequency for ankle-hip transition.  
During increasing frequency, the mean transition frequency of COM-COP was at 
0.50 Hz (±0.17) and 0.53 Hz (±0.18) during decreasing frequency. Furthermore, the mean 
transition frequency of ankle-hip during increasing frequency was 0.50 Hz (±0.18) and 0.56 
Hz (±0.15) during decreasing frequency. From the mean value of transition frequency, it was 
observed that the COM-COP transition and ankle–hip transition occurred almost at the same 
frequency during both increasing and decreasing frequency. No significant difference was 
observed between COM-COP and ankle-hip transitions frequency in both frequency 
conditions No significant difference was observed between subjects during both frequency 
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Table 7 COM-COP and ankle-hip transition frequency during increasing (right) and 



















S1 0.54 0.53 
S2 0.27 0.59 
S3 0.22 0.22 
S4 IP 0.35 
S5 IP 0.70 
S6 0.71 0.77 
S7 IP 0.29 
S8 0.49 0.38 
S9 IP 0.23 
S10 0.55 0.25 
S11 IP 0.79 
S12 0.56 0.47 
S13 0.68 0.51 
S14 IP 0.66 
S15 0.52 0.45 
S16 0.71 0.65 
S17 0.57 0.56 
S18 0.22 0.69 
S19 IP IP 
S20 IP IP 






S1 0.50 AP 
S2 0.25 0.32 
S3 0.35 0.56 
S4 0.28 0.79 
S5 0.69 0.74 
S6 IP 0.36 
S7 IP 0.58 
S8 0.23 0.34 
S9 0.47 0.68 
S10 0.66 0.57 
S11 0.79 0.59 
S12 0.72 0.55 
S13 0.56 0.53 
S14 IP 0.72 
S15 0.53 0.40 
S16 0.63 AP 
S17 0.73 0.41 
S18 IP 0.41 
S19 IP 0.77 
S20 IP 0.61 
Mean (SD) 0.53(±0.18) 0.56(±0.15) 
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 Validation of Sigmoid Model for Determination of Transition Frequency 
COM-COP Ankle-Hip 
a) Increasing frequency condition 
COM-COP Ankle-hip 
b) Decreasing frequency condition  
Figure 25 The representative of CCF coefficient data distribution with the sigmoid 
model. Each blue point represents a CCF coefficient data for each frequency. The black 
line represents the sigmoid model. 
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COM-COP and ankle-hip sigmoid model of the representative subject were shown in 
Figure 25 above. The coefficient of determination (𝑟2) of the sigmoid model for all subjects 
were shown in Table 8. 52% and above of the 𝑟2 have shown value more than 0.126 of 𝑟2 
indicating that the model was significantly fit with the CCF coefficient data distribution. 
Table 8 Coefficient of determination (𝑟2) of the sigmoid model of COM-COP and ankle-hip 













Subject COM-COP Ankle-hip 
S1 0.54 0.61 
S2 0.11 0.36 
S3 0.08 0.39 
S4 0 0.34 
S5 1 0.24 
S6 0.71 0.24 
S7 0 0.76 
S8 0.53 0.88 
S9 0 0 
S10 0.46 0.80 
S11 0 0.08 
S12 0.92 0.98 
S13 0.43 0.50 
S14 0 0.41 
S15 0.31 0.70 
S16 0.50 0.54 
S17 0.35 0.86 
S18 0.08 0.43 
S19 0.15 0.02 
S20 0 0.03 
 Decreasing 
Subject COM-COP Ankle-hip 
S1 0.67 0.11 
S2 0.37 0.33 
S3 0.34 0.43 
S4 0.32 0.83 
S5 0.31 0.85 
S6 0.06 0.71 
S7 0 0.93 
S8 0.35 0.86 
S9 0.60 0.35 
S10 0.65 0.89 
S11 0.43 0.54 
S12 0.68 0.73 
S13 0.87 0.83 
S14 0.76 0.81 
S15 0.94 0.88 
S16 0.46 0.46 
S17 0.58 0.57 
S18 0 0.54 
S19 0 0.13 
S20 0 0.86 
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 Transition frequency in relation with balance ability 
Figure 26 below indicates regression analysis to observe the relationship between 
FRT’s score and transition frequency for both increasing and decreasing frequency 
perturbation. All of the subjects’ score were within an acceptable range (>245mm indicating 
adequate balance ability according to Duncan et. al (1990)) except two subjects obtained 
score lower than 245mm [91]. However, no significant trend was shown between FRT scores 
and transition frequency. Based on the results, transition frequency either COM-COP nor 
ankle-hip transition have no relation with FRT score. 
 
a) Increasing frequency 
 
  
b) Decreasing frequency  
Figure 26 FRT score versus transition frequency for every subject 
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 Analysis of Transition Frequency with Vision Manipulation during Dynamic 
Translation Perturbation  
In this section, the vision sensory was manipulated in order to observe the characteristics 
of kinetic and kinematic parameter towards increasing and decreasing perturbation 
conditions. Transitions frequency was also observed and been compared with the presence 
of vision. 
 Kinematic and Kinetic Displacement 
The comparison for peak-to-peak amplitude of COM, COP, ankle and hip joint 
between EO and EC were shown in the Figure 27 for increasing perturbation and Figure 28 
for decreasing perturbation. Peak-to-peak amplitude for all parameters were higher during 
EC compared to EO during increasing frequency. This pattern was also being observed for 
COP peak-to-peak amplitude during decreasing frequency. However, for COM, ankle and 
hip joint peak-to-peak amplitude, the amplitude was observed to be slightly higher during 
EC. A significant difference was seen for all parameter during increasing (COM: p = 0.0303; 
COP: p = 5.97e-14; hip joint: p = 0.02) frequency perturbation conditions. Only ankle joint 
was shown insignificantly difference in between EO and EC (p = 0.1325, ns). Besides, during 
decreasing frequency perturbation conditions a significant difference was only seen for COP 
peak-to-peak amplitude (p = 1.20e-10). No significant difference between EO and EC was 
observed for COM, ankle and hip joint during decreasing frequency perturbation (COM: p = 
0.1653, ns; ankle: p = 0.2805, ns; hip: p = 0.2390, ns). 
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Figure 27 Comparison of average peak-to-peak amplitude value between EO and EC 
during increasing frequency perturbation of COM, COP, ankle and hip joints. 
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Figure 28 Comparison of average peak-to-peak amplitude value between EO and EC 
during decreasing frequency perturbation of COM, COP, ankle and hip joints. 
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Figure 29 shows the comparison of head peak-to-peak amplitude during EO and EC 
conditions at increasing and decreasing frequency perturbation. The head peak-to-peak 
amplitude was higher during EC compared to EO. Significant differences were observed 
between EO and EC during increasing (p = 0.01) and decreasing (p = 0.0192) perturbation.  
a) Increasing frequency perturbation 
b) Decreasing frequency perturbation 
Figure 29 Average of head peak-to-peak amplitude for each frequency at increasing and 
decreasing frequency perturbation. 
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The comparison of ankle and hip torque during EO and EC was shown in Figure 30 
below. The interchange of ankle and hip torque, where the ankle torque decreased and hip 
torque increased was different the manipulation of vision.  During EC, the hip torque was 
increased over than ankle torque around 0.62 Hz compared to EO which happened at 0.72 
Hz. However, during decreasing frequency perturbation, the hip torque was decreased almost 
at the same time which is at 0.62 Hz. A significant difference of ankle-hip torque was 
observed between EO and EC during both increasing and decreasing frequency conditions 
(F_inc (3,120) = 59.65, p = 1e-12; F_dec (3,120) = 59.65), p = 8.9e-09), respectively.    
 
a. Increasing frequency perturbation 
 
b. Decreasing frequency perturbation 
Figure 30 Average of ankle and hip joint torque at each frequency during increasing and 
decreasing frequency perturbation. The torque value was compared with EC and EO 
conditions. 
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 Transition frequency with absence of vision 
COM-COP Ankle-Hip 
(a) Increasing frequency condition 
COM-COP Ankle-hip 
(b) Decreasing frequency condition  
Figure 31 The  CCF coefficient data distribution with the sigmoid model during EC. 
Each blue point represents a CCF coefficient data for each frequency. The black line 
represents the sigmoid model. 
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Figure 31 shows the estimation of transition frequency with sigmoid model during 
EC condition. Table 9 and Table 10 below showed the transition frequency during increasing 
and decreasing frequency during eyes close (EC) conditions. Four subjects were completely 
showed transition frequency during all trials for COM-COP during increasing frequency. 
Four subjects shown no transition in all trials which these subjects showed only in-phase 
pattern. Others subjects showed transition frequency either one or two trial. During ankle-
hip transition, all subjects showed transition frequency at Trial 1. Seven subjects showed no 
transition (four subjects showed in-phase pattern; three subjects showed anti-phase pattern) 
during Trial 2. During Trial 3, four subjects showed no transition (one subject showed in-
phase pattern; three subjects showed anti-phase pattern). Mean frequency for every trial 
during increasing frequency for COM-COP are 0.55 Hz (±0.21) for Trial 1, 0.60 Hz (±0.19) 
for Trial 2 and 0.55 Hz (±0.22) for Trial 3; for ankle-hip are 0. 37 Hz (±0.16) for Trial 1, 0.49 
Hz (±0.20) for Trial 2 and 0.45 Hz (±0.213) for Trial 3.  
15 subjects showed transition at all trial for COM-COP during decreasing frequency. 
One subject showed no transition which showed only in-phase pattern at all time and 
frequency. All subjects showed transition frequency except three subjects (two subjects 
showed in-phase pattern; one subject showed anti-phase pattern) for Trial 1. Four subjects 
for Trial 2 and two subjects for Trial 3 showed no transition while others subjects showed 
transition for ankle-hip transition.  Mean frequency for every trial during decreasing 
frequency for COM-COP are 0.51 Hz (±0.18) for Trial 1, 0.42 Hz (±0.20) or Trial 2 and 0.42 
Hz (±0.14) for Trial 3; for ankle-hip are 0.53 Hz (±0.17) for Trial 1, 0.61 Hz (±0.14) for Trial 
2 and 0.49 Hz (±0.17) for Trial 3. No significant difference was seen between all trials in 
both increasing and decreasing frequency for COM-COP and ankle-hip transition. 
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 Increasing (COM-COP) 
Subject Trial 1 Trial 2 Trial 3 
S1 0.49 0.20 0.24 
S2 0.27 IP 0.34 
S3 IP 0.57 IP 
S4 0.31 IP IP 
S5 IP 0.71 IP 
S6 IP 0.76 0.61 
S7 IP IP IP 
S8 IP 0.33 0.23 
S9 IP IP IP 
S10 IP 0.59 0.29 
S11 IP IP IP 
S12 0.52 0.64 0.78 
S13 0.76 IP 0.71 
S14 IP 0.30 IP 
S15 0.80 0.78 0.76 
S16 0.23 IP 0.73 
S17 0.76 IP IP 
S18 0.71 AP 0.65 
S19 IP IP IP 
S20 0.63 0.79 0.73 
Mean (SD) 0.55(±0.21) 0.60(±0.19) 0.55(±0.22) 
 


















 Increasing (Ankle-hip) 
Subject Trial 1 Trial 2 Trial 3 
S1 0.23 0.45 0.47 
S2 0.27 0.78 AP 
S3 0.66 0.28 AP 
S4 0.31 0.77 0.21 
S5 0.71 IP 0.22 
S6 0.64 AP 0.27 
S7 0.20 IP 0.70 
S8 0.25 0.27 0.26 
S9 0.57 0.26 0.80 
S10 0.21 0.48 0.31 
S11 0.31 0.57 0.70 
S12 0.47 0.35 0.29 
S13 0.33 IP IP 
S14 0.57 AP 0.61 
S15 0.22 0.26 0.21 
S16 0.32 0.76 AP 
S17 0.33 0.38 0.32 
S18 0.53 AP 0.79 
S19 0.32 IP 0.80 
S20 0.23 0.64 0.26 
Mean (SD) 0.37(±0.16) 0.48(±0.20) 0.45(±0.23) 
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 Decreasing (COM-COP) 
Subject Trial 1 Trial 2 Trial 3 
S1 0.40 0.37 0.33 
S2 AP IP 0.38 
S3 0.63 0.72 0.29 
S4 0.74 0.30 0.60 
S5 0.39 0.29 0.45 
S6 IP IP 0.36 
S7 IP IP IP 
S8 0.40 0.21 0.35 
S9 0.25 0.22 0.34 
S10 0.22 0.79 0.23 
S11 0.68 0.22 0.51 
S12 0.34 0.23 0.24 
S13 0.46 0.41 0.29 
S14 0.31 0.78 AP 
S15 0.73 0.48 0.56 
S16 0.68 IP 0.53 
S17 0.80 0.29 0.64 
S18 0.57 0.31 0.58 
S19 0.54 0.70 0.58 
S20 0.45 0.34 0.21 
Mean (SD) 0.51(±0.18) 0.42(±0.20) 0.42(±0.14) 
 




















 Decreasing (Ankle-Hip) 
Subject Trial 1 Trial 2 Trial 3 
S1 0.39 0.56 AP 
S2 0.65 0.68 0.62 
S3 0.36 0.25 0.25 
S4 0.47 0.53 0.31 
S5 0.47 0.63 0.62 
S6 0.67 0.80 0.41 
S7 0.53 0.67 0.72 
S8 0.36 0.59 0.25 
S9 0.38 IP 0.59 
S10 0.24 0.37 0.71 
S11 0.79 0.80 0.78 
S12 0.77 0.50 0.32 
S13 0.40 0.65 0.38 
S14 0.60 0.77 IP 
S15 0.62 0.77 0.65 
S16 0.26 0.46 0.47 
S17 0.74 0.62 0.54 
S18 0.61 AP 0.43 
S19 0.76 0.65 AP 
S20 0.51 0.71 0.36 
Mean (SD) 0.53(±0.17) 0.61(±0.14) 0.49(±0.17) 
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The results in Table 11 below indicated transition of COM-COP and ankle-hip 
transition for both increasing and decreasing which are choose by highest of determination 
of coefficient. In the total of 40 transitions frequency of COM-COP and ankle-hip for the 20 
subjects, 17 transitions frequency showed transitions of COM-COP and ankle-hip transition 
at frequency lower than 0.5 Hz during increasing perturbation condition. For decreasing 
frequency, 18 transition frequency showed the transition at frequency lower than 0.5 Hz. 
Eight subjects for increasing frequency and one subject for decreasing frequency showed no 
transition, which only showed in-phase pattern at all frequencies and time for COM-COP 
transition. Besides, all transition frequencies were obtained for all subjects for ankle-hip 
transition except three subjects who showed no transition frequency (one subjects showed 
in-phase pattern; two subjects showed anti-phase pattern) during increasing and one subject 
showed only anti-phase pattern during decreasing frequency.  
During increasing frequency, the mean transition frequency of COM-COP was at 
0.48 Hz (±0.20) and 0.48 Hz (±0.14) during decreasing frequency. Furthermore, the mean 
transition frequency of ankle-hip during increasing frequency was 0.43 Hz (±0.17) and 0.52 
Hz (±0.14) during decreasing frequency. From the mean value of transition frequency, it was 
observed that the COM-COP transition and ankle–hip transition occurred almost at the same 
frequency during both increasing and decreasing frequency. No significant difference was 
observed between COM-COP and ankle-hip transitions frequency in both frequency 
conditions. No significant difference was observed between subjects during both frequency 
order conditions.  
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Table 11 COM-COP and ankle-hip transition frequency during increasing (right) and 




















S1 0.24 0.47 
S2 0.34 AP 
S3 IP AP 
S4 0.31 0.31 
S5 IP 0.71 
S6 0.61 0.27 
S7 IP 0.20 
S8 0.33 0.27 
S9 IP 0.57 
S10 0.29 0.31 
S11 IP 0.57 
S12 0.53 0.47 
S13 0.71 IP 
S14 IP 0.61 
S15 0.78 0.26 
S16 0.23 0.32 
S17 IP 0.32 
S18 0.71 0.53 
S19 IP 0.80 
S20 0.73 0.26 






S1 0.37 0.56 
S2 0.38 0.62 
S3 0.63 0.36 
S4 0.60 0.31 
S5 0.45 0.62 
S6 0.36 0.41 
S7 IP 0.53 
S8 0.40 0.36 
S9 0.34 0.59 
S10 0.79 0.37 
S11 0.68 0.79 
S12 0.23 0.50 
S13 0.46 0.40 
S14 0.31 0.60 
S15 0.48 0.77 
S16 0.53 0.47 
S17 0.64 0.54 
S18 0.58 0.43 
S19 0.58 AP 
S20 0.34 0.71 
Mean (SD) 0.48 (±0.14) 0.52 (±0.14) 
 
87 | P a g e  
 
Table 12 Coefficient of determination (𝑟2) of the sigmoid model of COM-COP and ankle-














To test the fit-of-goodness of the sigmoid model with the CCF data distribution, the 
coefficient of determination (𝑟2) was calculated. The summary of all subjects 𝑟2as in Table 
12. 30% for COM-COP and 80% for ankle-hip of the subjects show the 𝑟2 greater than 0.126 
which indicate that the model is significantly fit with the CCF coefficient data distribution. 
 Increasing 
Subject COM-COP Ankle-hip 
S1 0.06 0.20 
S2 0.30 0.32 
S3 0.25 0.17 
S4 0.07 0.40 
S5 0 0.44 
S6 0.68 0.24 
S7 0.26 0.85 
S8 0.33 0.85 
S9 0 0.33 
S10 0.59 0.89 
S11 0 0.32 
S12 0.74 0.74 
S13 0.70 0 
S14 0.61 0.31 
S15 0.22 0.69 
S16 0.17 0.35 
S17 0 0.67 
S18 0.59 0.29 
S19 0 0.12 
S20 0.29 0.36 
 Decreasing 
Subject COM-COP Ankle-hip 
S1 0.46 0.54 
S2 0.22 0.70 
S3 0.53 0.45 
S4 0.57 0.60 
S5 0.74 0.48 
S6 0.02 0.64 
S7 0 0.96 
S8 0.66 0.75 
S9 0.49 0.41 
S10 0.54 0.90 
S11 0.54 0.88 
S12 0.48 0.69 
S13 0.60 0.78 
S14 0.23 0.84 
S15 0.62 0.16 
S16 0 0.84 
S17 0.70 0.89 
S18 0.77 0.72 
S19 0.77 0.09 
S20 0.71 0.87 
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Table 13 Summary of average value with standard deviation of transition frequency at 
increasing and decreasing frequency perturbation with and without the vision manipulation. 
 Increasing frequency Decreasing Frequency 
COM-COP Ankle-Hip COM-COP Ankle-Hip 
EO 0.50(±0.17) 0.50(±0.18) 0.53(±0.18) 0.56(±0.15) 
EC 0.48(±0.20) 0.43(±0.17) 0.48(±0.14) 0.52(±0.13) 
 
a) COM-COP b) Ankle-hip 
Figure 32 Comparison of COM-COP and ankle-hip transition frequency between EO 
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Table 13 and Figure 32 show the summarized of mean transition frequency between 
EO and EC during increasing and decreasing frequency conditions. A significant different of 
transition frequency value between EO and EC was only observed at ankle-hip transition 
during decreasing frequency. However, no statistically significant difference was observed 
between EO and EC condition of ankle-hip transition frequency during increasing frequency. 
Besides, no significant different was also observed in all transition frequency between EO 
and EC during both increasing and decreasing frequency perturbation for COM-COP 
transition. COM-COP transition frequency during increasing frequency, COM-COP and 
ankle-hip transition frequency during decreasing frequency was observed occurred almost at 
the same frequency range. Transition was happened earlier during increasing frequency 













In this chapter, the human postural strategies mechanism and the transition frequency of the 
postural strategies are discussed in details. 
The primary aim of this study was to observe and investigate the transition frequency 
of postural control strategies by using a proposed sigmoid model based on CCF coefficient 
data distribution. This paper was the research in using sigmoid function model in order to 
observe the postural strategy transition frequency. The finding shows that the subjects’ COM 
and COP displacements were decreased during increasing frequency and increased during 
decreasing frequency for kinematic results. Besides, for ankle and hip joint angle, the angle 
displacements were increased towards increasing frequency and decreased towards 
decreasing frequency. Head displacement were observed to act same as COM displacement 
where the displacement was decreased when the frequency perturbation increased and vice 
versa. In this research, the transition frequency can be obtained from the proposed sigmoid 
model based on CCF coefficient data. Several condition were set to obtain the transition 
frequency transition and analysis where done by MATLAB software. All subjects have 
shown difference transition frequency at both COM-COP and ankle-hip. Besides, we also 
observed that, there also have subjects who displayed only in-phase and anti-phase pattern 
with we categorized as having no transition. 
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 Postural Coordination towards Perturbation 
The different frequency order in increasing and decreasing of perturbation platform 
provided an experimental manipulation to investigate postural control strategies [14]. Based 
on kinematic results, COM and COP displacement were decreased towards increasing 
frequency and increased during decreasing frequency. In contrast with ankle and hip angle 
where angular displacements were increased during increasing frequency and decreased 
during decreasing frequency. Sensory information from visual, vestibular and somatosensory 
systems is regulated by central nervous systems (CNS) for maintaining balance and postural 
orientation. Different frequencies exposed to the body will changed the coordinative patterns 
of the head, trunk, and legs to accommodate the different acting on the body such as the 
transition of postural strategy from ankle strategy to hip strategy [20]. Translating the body 
at different frequencies also moves the sensory systems within and outside of their optimal 
operating ranges. In this research, at a low frequency, the subjects appeared to be “ride” the 
platform depending on the movement of the platform itself. As the frequency increased, as 
suggested by Buchanan et al., the COM displacement was decreased and the head motion 
becomes fixed in space for allowing vision scene oscillation produced by the translating 
support surface [20]. At the high frequency, the central nervous systems (CNS) tend to apply 
accuracy control to reduce kinematic displacement in order to maintain balance in the desired 
position [24]. Besides, the CNS may suppress anticipatory postural adjustments (APA) since 
APAs can reduce the effect of the forthcoming body perturbation [92]. Focusing on COP 
displacement, at low frequency the displacement was smaller than COM and head 
displacement. In spite of that, COP displacement was higher than COM at high frequency 
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which the result was agreed with David A. Winter [27] indicate that the COP was greater in 
order to keep COM within COP line in order to keep equilibrium. At the low frequency, even 
though the COP displacement was smaller than that of COM displacement, no additional 
strategy was included to maintain balance.  
As shown in the results, at the low frequency the COM and COP were in in-phase 
pattern. As the frequency increased, COM and COP phase become anti-phase pattern. 
Increasing transition frequency causes COP amplitude to decrease and disturb the postural 
strategy of a subject as COM amplitude can be out of the bound; where, a good prosecution 
of posture control strategy always requires inbound COM amplitude to avoid stepping 
strategy. To avoid the involvement of stepping strategy, it increases joint stiffness and 
moment at the ankle joint [93]. At the lower frequency, the ankle strategy was used as a 
balance strategy. However, the physiological limits of prosecute ankle strategy will be 
reached during increment in frequency perturbation; at this instance, it will try to compensate 
the balance strategy with contribution from hip movement [94,95]. This action from hip 
movement change the COM acceleration; which, in fact it will affect the postural control 
strategy from ankle to hip strategy. It changed the transition phase from in-phase to anti-
phase while adapting to the perturbation translation’s acceleration [96]. Thus, the 
manipulation of the perturbation frequency contributes to the difficulty in postural control 
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 Sigmoid Model for Transition Frequency Determination for Human Postural 
Control Strategy Transitions 
Postural strategy transition can be defined as the changes of postural states between 
two attractors which are from the consequence of changes between programs which is 
operating at the level of central of nervous (CNS) or of the self-organized nature of postural 
system [11]. Up to now, several studies had investigated the transition in between postural 
strategy by using relative phase either using point estimate relative phase (PRP) or continuous 
relative phase (CRP) [14,97,98,99]. However, with these methods, the exact value of 
transition frequency phase difficult to define. In this present study, we proposed to analyze 
the transition of postural strategy coordination by using a sigmoid model based on cross-
correlation function (CCF) coefficient data. The CCF is a statistical measure that calculates 
the strength of the relationship between the relative movements of two variables. Since the 
CCF coefficient data distribution exhibit a similar pattern to sigmoidal pattern, the sigmoid 
model was proposed to determine the transition frequency of the postural control strategies. 
This proposed model has shown suitable with any CCF coefficient data distribution even 
though the data was spread in large distribution as shown in the results in Chapter 4.3.   
However, the actual behavior of transition cannot be observed with this model. If the data 
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 Human Postural Control Strategy Transitions 
Quiet standing tends to be approximate as a single-link inverted pendulum. Recent 
studies had pointed out that hip joints play an important role in order to maintain balance 
even in the quiet standing [66,67,100-102] as well as in dynamic tasks which show more in 
ankle-hip joints characteristics [101,102] where we can consider as a multi-segmental model. 
Postural control actions mainly consist of coordinated rotations around ankle and hip joints. 
Many patterns of ankle-hip coordination will maintain the COM above the feet. In this 
research, sigmoid model has shown that there was an upper and lower distribution of CCF 
coefficient data of COM-COP and ankle-hip which revealed that there was a sudden 
transition from low to high frequency and vice versa at a certain frequency. The slope in 
between upper and lower distribution of CCF coefficient was indicated as where the 
transition of strategy happened. These pattern changes are consistence with the results from 
Ji-Hyun Ko et al. [103]. The joint degree of freedom was regulated by a small amplitude as 
the motion from the moving platform is in the low frequency. However, as the motion was 
increased, the joint degree of freedom motion was in large amplitude and force the postural 
strategy to re-organized and dissipate the large force, i.e. head fix pattern and transition from 
ankle to hip strategy and vice versa.  
The means of transition frequency for COM-COP and ankle-hip transitions were both 
at 0.50 Hz for increasing frequency and 0.53 Hz and 0.56 Hz for decreasing frequency, 
respectively. This finding was parallel with Aviroop et. al., who obtained a coordination 
change around of 0.4 Hz-0.6 Hz for the COM–COP transition frequency. The transitions 
frequency in both increasing and decreasing frequency were almost in same frequency for 
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both COM-COP and ankle-hip. This finding was contrast with Ko et. al., who stated that the 
COM-COP coordination is relatively robust and on a slower time scale of change compared 
to the coordination of joint components and their individual motions [97]. As the perturbation 
applied originated from the lower extremities, the perturbation moved to the sole then 
regulated muscle activation which increased joint stiffness and moment at the ankle joint. 
Then, as the physiological limit was reached, hip movement was involved. Within this 
process, the COM and COP positions were also moved from the origin.  
The postural coordination transition changes were found in pure in-phase motion for 
low frequency to anti-phase motion as this might be due to sequence of the frequency 
competition between the upper and lowers part of the body [98]. As stated by Bardy et al 
(2002), these changes of transition revealed characteristics of non-equilibrium phase 
transition where when the frequency was induced, the loss of stability occurred, yielding 
critical fluctuations in the frequency range in which there was a transition happened [11]. 
The differences of transition frequency were observed between increasing and 
decreasing frequency, where, the mean transition frequency for increasing frequency 
condition occurred at the lower frequency than decreasing frequency condition. These 
differences value for the transitions indicated that coordination mode observed is dependent 
upon the direction of the changes in the control parameter (platform frequency) [104,105]. 
Furthermore, the coordination of postural control strategy was more stable when moving 
from in-phase to anti-phase (increasing frequency) compared to anti-phase to in-phase 
(decreasing frequency). This phenomenon can be seen in the result of transition frequency 
(Table 7 and Table 11) where during increasing frequency, especially for COM-COP 
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transition, many subjects shown no transition pattern. The transition was happened when the 
initial pattern was undergoing an instabilities state. In decreasing frequency, the instabilities 
increased as the frequency perturbation applied were begin with high frequency intensity in 
which resulted in the earlier transition frequency compared to increasing frequency. 
Therefore, the mean value of decreasing transition frequency was occurred earlier than that 
of increasing transition frequency, which indicate the subject postural strategies were easily 
disrupt during high frequency perturbation tasks. The differences of the transition point 
frequency of COM-COP and ankle–hip among the subjects were also observed. This may 
have happened because there is no specified condition implemented that can normalize the 
posture control strategies. Besides, it also can be caused by the variation of the segment 
length, mass and force of every subject. Furthermore, the result of transition frequency 
exhibit hysteresis phenomenon where the tendency for the postural control systems itself to 
remain in the current frequency transition values depending on the direction of the control 
parameter [106]. 
Based on the results in this study, the postural control strategy of human balancing can 
be categorized into three type of patterns which are:  
1) Having transition from in-phase to anti-phase and vice versa 
2) Having in-phase pattern only  
3) Having anti-phase pattern only 
From our observation, subjects that showed in-phase or anti-phase pattern only when 
frequency perturbations were applied are the subjects which have common in sport ability 
such as did not involve or involve sometimes in sport.  It was hypothesised that a person, 
based on elderly person and patient with disease, with less balance ability will apply high 
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stiffness at joint which are in ankle and hip in order to maintain balance [107-109].   When 
the stiffness is applied either in ankle or hip joint, the postural strategy coordination would 
change it strategy according to task. From our observation, however, transition frequency has 
no correlation with balance ability according to FRT score. this might be due to the selection 
of subjects in this research which are only participate by healthy subjects. Furthermore, the 
transition frequency phase value also depends on individual itself. 
 Weakness in Vision Sensory in Response to Postural Control Strategy 
Vision sensory was mainly known is important in human balancing. When a person 
balances on a platform that continuously moves forward and backward in a predictable way, 
vision definitely helps to reduce head oscillations, to a different extent depending on the 
frequency of the translations [20,46].  Lack of vision during sinusoidal platform translation 
has caused subjects to switch the control strategies from the head-fixed-in-space strategy to 
head oscillation following the platform strategy. This can be seen in the results section where 
the head displacement was higher during eyes close (EC) comparing to eyes open (EO) 
conditions. Besides, the absence of vision also causing an increased in COP and COM sway 
which agreed with our finding results [110]. Similarly, individuals with visual impairments 
tend to use increased hip motion and has been shown to shift predominant join motion from 
the ankle to the hip and vice versa occurs as frequency increases or decreases [20,111,112]. 
However, in this study, we find that the ankle and hip motion was smaller during EC 
compared to EO during both increasing and decreasing perturbation conditions. This might 
be caused by the movement from the head which oscillating according to the platform 
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perturbation where reduced the motion of ankle and hip joint. The head movement also can 
be a countermeasure during EC to react similar as EO since the transition frequency shown 
no significant differences. It is because the limitation of head movement will limit the 
Vestibular-ocular reflex sense where it controls the eye movement as to fix on a desired gaze 
point during when the head is moving [113]. This situation can be compared with such as 
blind subjects where they have learned to optimally exploit their intact proprioception input 
in order to diminish the head oscillation similarly with sighted subjects to prevent them from 
falling [114-117]. This also can explain for the reason why the frequency transition during 
increasing and decreasing frequency at EO and EC showed no significant difference. Besides, 
the addictive from other sensory such as somatosensory also helped to produce desired 
postural control coordination. Both the EO and EC body oscillation pattern ae equally safe 














CONCLUSIONS AND FUTURE RECOMMENDATION  
 Conclusions 
Overall, three main objectives of this thesis which are stated in Chapter 1 have been 
fulfilled. First, the characteristic of human postural coordination patterns has been observed. 
This can be seen in the changes in the COM and COP and also the changes in postural strategy 
applied by the manipulation of the perturbation frequency which are increasing and 
decreasing frequency. It is observed that ankle-hip angle was opposed the COM-COP 
displacements during increasing and decreasing perturbation frequency. Where, the COM 
and COP displacements were decreased during increasing frequency perturbation while ankle 
and hip angle displacement were increased and vice versa for decreasing frequency 
perturbation. At some instance, there will be a sudden change in ‘phase angle’ of the data; 
where, either the ankle strategy becomes passive or hip becomes active. It changed from in-
phase to anti-phase. Besides, the implementation of small step size of 0.02 Hz frequency 
during increasing and decreasing continuous translation perturbation gives a more accurate 
reading of transition frequency as compared with previous studies; which, indicated range of 
transition to happen at 0.5 Hz and above. 
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Second, transition frequency identification of postural control was achieved and 
presented. Two types of data were used; the first is COM-COP displacements and second is 
ankle-hip angular displacements. These data were analyzed to obtain CCF coefficient data 
under increasing and decreasing continuous translation perturbation. The transition point of 
postural control strategies was identified based on transition phase of CCF data (in-phase to 
anti-phase). This was achieved by implementing logistic function of sigmoid model to 
differentiate the upper and lower distribution of CCF coefficient data. In this study, sigmoid 
model obtained transition frequency phase with specific value. Based on the result, transition 
frequency phase of human coordination is individually different. The variation in transition 
frequency of each subject happens because there is no specified condition implemented that 
can normalize the posture control strategy such touch and body-harness support. Mean 
transition frequency of COM-COP and ankle-hip for all subjects was determined; where, it 
shows that the transition of both COM-COP and ankle-hip angle was at 0.50 Hz during 
increasing perturbation. Meanwhile, transition frequency of 0.53 Hz (COM-COP) and 0.56 
Hz (ankle-hip) were observed during decreasing perturbation. Therefore, it is concluded that 
the transition frequency of postural control strategy on both COM-COP and ankle-hip data 
of healthy subjects apparent in between 0.5 Hz to 0.6 Hz (mean value).  
Vision sensory plays important role in postural control strategy. Transition frequency 
during eyes close (EC) at increasing and decreasing frequency were investigated. The mean 
of 0.48 Hz and 0.43 Hz of transition frequency were observed for COM-COP and ankle-hip 
during increasing frequency. Meanwhile, 0.48 Hz and 0.52 Hz for decreasing frequency. 
Even though no significant difference was observed between eyes open and close for 
transition frequency, significant difference was observed between COM and COP 
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displacement. In conclusion, sigmoid model is expected to be fundamental of estimation of 
transition frequency phase and can support current methods. This study provides new 
approach in analyzing the transition phase of postural control strategy. 
 Limitation Study and Future Recommendations  
There are several limitations have been set to the present study and followed with the 
future recommendations. The first is only healthy and young subjects were participated with 
high agility and flexibility; where, the capability of each subject in motor sensory and reflex 
were considered. Without these attributes, the possibility of the subject unable to produce 
good posture control strategy during manipulation of translation perturbation is high. In the 
future, we will include the contribution of subjects with impaired condition such as having 
bad vision or vestibular disorder to determine its influence in identification of transition 
frequency.  
The second is both knees of the subjects were locked during perturbation to minimize 
the knee involvement in postural control strategy; where the focus is to investigate the 
transition of ankle and hip strategy. This is because, during upright bipedal state the major 
contribution of posture control strategies comes from ankle and hip movements; while, the 
knee involvement only when the subject is out of balance.  
The third is continuous translation frequency with small step size was introduced for 
observing the behavior of postural control strategies. This approach reduces the motor 
sensory perception of the subject in identifying the slight changes of the excitation frequency; 
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which, enables the subject to react naturally in executing postural control strategies. Thus 
precisely identify the transition frequency during increasing and decreasing translation 
perturbation. In addition, more specified condition such as touch and body-harness support 
can be included to narrow down the range of transition frequency. 
Last but not least, development and analysis of human posture control simulation 
model also need to be taken into account. Double pendulum model can be used in order to 
observe the effect of human postural coordination based on continuous support surface 
translation.  Thus, the correlation between experiment data and simulated data can be 
observed. Besides, the mechanism of human postural coordination especially during 
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Abstract: Depending on task requirements, a human is able to select distinct strategies such as
the use of an ankle strategy and hip strategy to maintain their balance. Postural control actions
often co-occur with other movements, and such movements may bring about a change from one
type of postural coordination to another. The selection of a postural control strategy has typically
been investigated by the transition of the center of mass (COM), center of pressure (COP), and in
between angle joint motion along with their characteristics. In this paper, we proposed a method
using the logistic function of the sigmoid model based on cross-correlation coefficient (CCF) data for
investigating and observing the transition of postural control strategies of COM–COP and ankle-hip
angles towards anterior–posterior (AP) continuous translation perturbation. Subjects were required
to stand on the motion base platform where perturbations with an increasing frequency (0.2 Hz
to 0.8 Hz) and decreasing frequency (0.8 Hz to 0.2 Hz) in steps of 0.02 Hz, were induced. As the
frequency increased, the COM and COP displacements were decreased, with the opposite trend
observable with decreasing frequency. This pattern was also observed at the head peak-to-peak
amplitude. Meanwhile, ankle and hip angular displacements were increased during increasing
frequency and decreased during decreasing frequency. In this paper, the proposed sigmoid model
could identify the transition frequency of COM–COP and ankle–hip transition. The mean transition
frequency of COM–COP during increasing frequency was 0.44 Hz, and the ankle–hip transition
frequency was 0.42 Hz. Meanwhile, for decreasing frequency, the COM–COP transition frequency
was 0.55 Hz, and for the ankle–hip transition the frequency was 0.56 Hz. With frequencies, both
increasing and decreasing, the COM–COP and ankle–hip transition frequencies occurred almost at
the same frequency. Furthermore, the transition occurred at a lower time scale during increasing
frequency compared to decreasing frequency. In conclusion, the continuous translation surface
perturbation provided information on the behavior of postural control strategies. A sudden change
in ‘phase angle’ was observed, where either an ankle or hip strategy was implemented to maintain
balance. Besides, the transition frequency of postural control strategies could be determined to occur
between 0.4 Hz and 0.6 Hz, based on the average value, for healthy young subjects in the AP plane.
Furthermore, the proposed sigmoid model was believed to be able to be used in the determination of
transition frequency in postural control strategies.
Keywords: postural control strategies; sigmoid model; cross-correlation coefficient; continuous
support surface translation perturbation; kinematics; kinetics; transition
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1. Introduction
The ability to maintain balance in an upright position during quiet standing and dynamic task
conditions is necessary for successful performance in daily life tasks [1,2]. Human postural control
tends to initiate and constraint joint movement so that the center of mass (COM) is positioned over the
base of support (BOS) and aligned with the center of pressure (COP), which is known as an equilibrium
state. However, any external perturbation that is induced to those parts of the body will result in the
shift of COM closer to the BOS border and interrupt alignment between COM and COP, which will
cause a non-equilibrium state [3]. However, the balance control systems degenerate as we grow older,
and this factor becomes the main reason for the high risk of falls among elderly people. Therefore,
a better and deeper understanding of postural control strategies needs to be understood first before the
development of training and rehabilitation tools.
Depending on task requirements, a human is able to select distinct strategies. Two primary
postural control strategies were identified in upright bipeds, which are an ankle strategy and hip
strategy [4,5]. The ankle strategy is viewed as an inverted pendulum with the motion around the ankle
joint. Meanwhile, the hip strategy is used when the postural stability creates a particular constraint on
the posture when the motion is around the hip joint. With the presence of a hip strategy, Buchanan and
Horak suggested that a single link inverted pendulum will split into a multi-link model [6]. Besides
these two primary postural control strategies, an additional strategy mode has also been identified that
incorporates the ankle and hip strategies into a coordinated strategy. However, how these strategies
are selected to maintain balance is still unknown and needs further investigation. In this study, we only
observed the ankle and hip strategies since these are the primary strategies used in postural control.
Postural control actions often co-occur with other movements, and such movements may bring
about a change from one type of postural coordination to another. This can be caused by the
basic patterns of postural coordination being centrally represented by a set of motor programs,
and postural transitions being behavioral consequences of changes between programs operating at
the level of the central nervous system (CNS) [7,8]. These, as well as the changes between postural
states, are consequences of the self-organized nature of the postural system, which exhibit properties
of non-equilibrium phase transitions between attractors [9]. Typically, continuous relative phase
(CRP) [10] or point estimate relative phase (PRP) [11] have been applied to investigate the coordination
relation of two variables. The in-phase mode (~0◦) indicates that two stationary signals move in the
same direction, whereas the anti-phase mode (~180◦) indicates that the signals are moving in the
opposite direction. However, until now, there have been no studies that have mentioned the exact
frequency at which the postural strategy changes happens. Other methods can also be considered in
defining the coordination relation of two variables, such as cross correlation function (CCF) analysis.
This analysis is a powerful, efficient, and relatively easy-to-apply tool for quantifying associations
between variables. It also can be very useful for investigating spatial and temporal relationships
between time-varying signals and can provide further insight into the coordination of movement,
muscle activation patterns, and isolation noise within a signal. Furthermore, since the CCF coefficient
data shows a resemblance to a sigmoidal pattern, we proposed that the transition frequency could
be identified by using the logistic function of the sigmoid model. This is because the sigmoid model
provides a good example of non-linear and quickly increasing functions of the probability of disclosure
and makes computation easier [12]. While most traditional nonlinear activation functions are bounded,
simpler piecewise linear activation functions have become popular because of their computational
efficiency and robustness in preventing saturation [13]. Therefore, the sigmoid model is a reliable
analysis technique, which mimics the physiologically based prediction of the input/output relation [14].
There have been several studies into the coordination of the body that affords stability in dynamic
postural balance under both discrete [15,16] and continuous oscillation [17,18] of motion base support.
Many researchers have reported the use of support surface perturbation as an experimental method
to investigate different patterns of postural strategies [19–21]. According to previous studies, lower
extremities play an important role in balance. The ascending sensory pathway from the sole then
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regulates muscle activation to initiate ankle motion, then activating hip motion, and finally the
upper body, including trunk and head [20]. Without sufficient activation or response from the lower
extremities, it is difficult for nervous systems to provide feedback to generate an effective strategy and
prevent falling. Therefore, it is believed that support surface perturbation, which acts as an external
perturbation, is enough to induce postural control strategy patterns. Besides, this perturbation can
replicate daily life activities such as slipping, tripping, and also stepping. Both increasing frequency
and decreasing frequency were implemented in this paper. In previous studies, large step size changes
of continuous translation frequency were used [10,21]. Motor sensory perception could sense slight
changes of the translation frequency, which could lead to sudden changes in postural control strategies
and the possibility of the subjects not reacting naturally. Therefore, a small step size of translation
frequency was implemented in this paper to provide a more precise transition frequency.
This paper aims to investigate and observe the transition frequency of COM–COP and ankle–hip
transition towards continuous translation frequency perturbation. The logistic function of the sigmoid
model based on CCF coefficient data was used to determine the transition frequency. Besides, the effect
of frequency order perturbation towards the transition frequency was also observed. Moreover, this
paper is the first paper to introduce the sigmoid model based on CCF coefficient data for determining the
transition frequency of postural control strategies. We examined the hypotheses that (1) a sudden shift
from in-phase to anti-phase happens as effect of translation frequency perturbation; (2) the transition
frequency range decreases with the implementation of a small step size in continuous translation
perturbation; (3) the different order of translation frequencies affects the transition frequency; and (4)
the sigmoid model based on CCF coefficient data can be used in determining the transition frequency
of postural control strategies. The findings from this study will contribute to further understanding of
human postural control strategies.
2. Methods
2.1. Participants
In this study, 20 healthy young male subjects participated (25.70 ± 4.42 years old, 65.85 ± 9.53 kg,
170.43± 6.63 cm). The subject sample size (n) was confirmed with sample size calculation. The minimum
size for every parameter (increasing frequency (COM–COP, n = 15; ankle-hip, n = 9), and decreasing
frequency (COM–COP, n = 13; ankle–hip, n = 9)) was obtained. From the calculation, it was confirmed
that the current sample size was sufficient for conducting the experiment. Young and healthy
subjects were selected for the determination of transition frequency due to their agility and ability
for a better control strategy. All healthy subjects were free from neurological disorders, balance
disorders, and vestibular function disorders. They had no history of neurological impairment.
Information regarding the subjects’ history of falls and physical condition were recorded as references.
The experimental procedure was approved by the ethical committee of our research institute.
2.2. Experimental Procedures
Subjects were requested to stay standing quietly for 10 s to record quiet standing data. Then,
subjects were exposed to external surface continuous translation perturbation with two types of
frequency orders, which increased (0.2 Hz to 0.8 Hz) and decreased (0.8 Hz to 0.2 Hz) in 0.02 Hz steps
with a displacement of 100 mm peak-to-peak. Buchanan and Horak stated that the transition frequency
occurs at a frequency of 0.5 Hz and above [6]. Therefore, the selection of these frequencies, which is
from 0.2 H to 0.8 Hz, with 0.5 Hz in between, was used in the determination of transition frequency.
A 0.02 Hz step of frequency was implemented in order for subjects not to notice the slight changes
of the translation frequency. Besides, this approach can avoid sudden changes, and the subjects can
react naturally in executing postural control strategies. Each frequency changed after five oscillation
cycles. The subjects were instructed to maintain their postural balance while the continuous translation
perturbations were induced as they were barefoot, with eyes open, and focused at a mark that was set
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at eye level. The total duration of the experiment was about 373 s for each subject in both increasing
and decreasing frequencies. The subjects’ vision and vestibular sense were not manipulated.
2.3. Experimental Apparatus
An external continuous translation perturbation in an anterior–posterior (AP) direction was
produced by a 6-axis movable platform (MB-150, Cosmate, Tokyo, Japan). A force platform (9286A,
Kistler, Yokohama, Japan) was used to derive the displacement of the body’s COP and mounted on the
moving platform. A 3-D motion capture analysis system with ten high-precision infrared cameras
(Kestrel camera, Motion Analysis Corp., CA, USA) was used to record the motion of the passive marker
attached over the joints of the subjects. Eighteen fixed reflective markers (placed at the 3rd metatarsal,
lateral malleolus, lateral condyle, trochanter of the femur, iliac crest, acromion of spacula, top of the
head, and four markers on the force plate) were attached over the subjects’ joints. Both right and left
knees were locked to prevent bias movement from the knees. This study focused on two segmental
links of human postural strategies, which are ankle and hip strategies. Therefore, the absence from the
knee joint was necessary to purely obtain the ankle and hip joint data. The method used to lock the
knee joint was by using a pair of wood splints sandwiched around the knee joints in account of the
subject comfort.
2.4. Data Collection
Motion capture data, which are marker data, underwent their own post-processing in order to
create and gather the marker names and coordinates. All disconnected frames of marker positions
needed to be corrected and smoothed to eliminate noise. Furthermore, force plate data were also
filtered with a 2nd Butterworth filter with a cut off of 6 Hz to eliminate noise, especially from the
power line and movement. Each data point was then resampled to a sampling frequency of 200 Hz.
The coordinated data from motion capture were collected as raw data for the calculation process.
The COM was calculated from the eight-segment model. The total body COM position was obtained
by the weighted summation of the individual segment COM position, as mentioned in Equation (1).
Constant value for each segment was shown as in Table 1 [22]. The ground reaction force (Fv) was
obtained by summing up all the vertical forces from the strange gauge (i.e., fz1, fz2, fz3, and fz4) of
the force plate, as shown in Figure 1. The force plate moment in the x-axis (Mx) was generated by
these vertical forces, as shown in Equation (2). The joint movement coordinates (x, y, z) obtained from
motion analysis systems with a 1 kHz sample rate were used to measure joint angle displacement
(θankle and θhip) and body segment length (hankle, hhip, and hseg) for segmental COM location. The COP
displacement was determined from Equation (3) below where dz was the distance from the surface to
the platform origin. The ankle and hip angle displacement were calculated with Equation (4) by using
2 vectors, as shown in Figure 2. The average of head peak-to-peak amplitude for each frequency was
also calculated.
Table 1. Constant value for each segment [22].
Segment Segment Weight/Total Body Weight
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This study focu ed on observing the changes of postural co trol strategies, especially regarding
transition frequency of COM–COP and ankle–hip angle toward increasing and decreasing frequency
translation perturbation. In this paper, CCF analysis was used to observe the correlation between
COM–COP and ankle–hip angle. This analysis is a powerful, efficient, and relatively easy-to-apply
tool for quantifying associations between variables. It also can be very useful for investigating
spatial and temporal relationships between time-varying sign ls and can provide fur er insight into
the coordination f mov ment, muscle a tivation pat erns, and iso ation noise within a signal [23].
The coefficient value range was betwe n −1.0 and 1.0. A CCF coefficient of −1.0 shows a perf ct
negative orr lation, while a coefficient of 1.0 shows a perf c positive correlation. A calculated valu
greater than 1.0 or less tha −1.0 means that there was an rror in the experimental, data coll ction,
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and processing measurement. Cross-correlation involves correlating two different time-varying signals





















There was a total of 31 frequencies, from 0.2 Hz to 0.8 Hz and 0.8 Hz to 0.2 Hz with 0.02 Hz
steps. Each frequency comprised 5 cycles, which gave a total of 155 cycles except 0.2 Hz for increasing
frequency and 0.8 Hz for decreasing frequency translation perturbation, which comprised 6 cycles.
The first cycle of 0.2 Hz and 0.8 Hz was eliminated in order to cut out unnecessary movement at the
beginning of the experiment. An average of 5 cycles from every frequency was calculated. Then, by
using the value of average cycle, CCF coefficients were calculated for COM–COP and ankle–hip angle
in order to observe the correlation of these two cycles.
2.5.2. Logistic Function (Sigmoid Model)
The sigmoid model provides a good example of non-linear and quickly increasing and decreasing
functions of the probability of disclosure and makes computation easier [12]. Besides, the sigmoid
model is a reliable analysis technique that mimics the physiologically based prediction. In this paper,
the CCF coefficient data distribution graph exhibits a sigmoidal pattern at increasing and decreasing
stimulation intensities. Therefore, we proposed the sigmoid model in order to determine the transition
phase of human postural control strategies. A general least square model similar to one developed in
the investigation of the ascending limb of all recruitment curves and transcranial magnetic stimulation
(TMS) research was used [13]. In this paper, a custom four-parameter sigmoid model was modified as





where L is the vertical range of model, k is the gradient or slope of the model, and x is the CCF
coefficient data distribution. Furthermore, x0 is determined as the transition frequency, and y0 is the
vertical correcting position of the model.
The sigmoid model provides a good example of a non-linear model, can predict the probability as
an output, and makes computation easier. Therefore, the sigmoid model is reliable, which mimics
the physiologically based data as in this study is from CCF coefficient data distribution [14]. This
method utilizes curve fitting using a logistic function, which is optimized using the particle swamp
optimization (PSO) technique. With this technique, the model with the lowest error was chosen as
the best model providing the sigmoid model. In this paper, the lower frequency was referring to the
frequencies below 0.5 Hz and high frequency was for frequencies above 0.5 Hz.
This model clearly can divide upper and lower distributions and the slope in between the
distribution, as shown in Figure 3. In order to find the transition frequency for each subject, first we
determined the initial slip and convergence of the model by the velocity of the sigmoid model data.
The slope between the initial slip and convergence was defined as a transition phase, indicating that
transition happens from the positive phase shift to the negative phase shift and vice versa. We calculated




, which is also defined as global goodness-of-fit of the sigmoid
model, to clarify the fitness of the model towards CCF coefficient data. r2 was calculated in order to
define the fitness of the model since the model is a linear regression. The r2 value of more than 0.039
with one variable was indicated as acceptable to the fitness of the model.
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2.6. Statistical Analysis
The transition frequencies of all subjects are summarized in results section in terms of frequency.
A comparison of the transition frequency between increasing and decreasing frequencies of COM–COP
and ankle–hip angles was analyzed by using paired t-test analysis with a significance level of p < 0.05.
The same statistical test was used to analyze a comparison between COM–COP and ankle–hip transition
frequency in increased and decreased frequencies. Furthermore, two-way ANOVA analysis was used
to observe the comparison between individual subjects. The Bonferroni post hoc test was used to
determine the differences in all levels of comparison for the independent variables. All statistical
analyses were completed using the MATLAB software.
3. Results
3.1. Displacement of Kinematics Parameters
All subjects were able to accomplish the given tasks perfectly. Figure 4 shows the waveforms of
the representative subjects for COM, COP, ankle, and hip angle displacement during increasing and
decreasing frequencies. Based on these waveforms, the COM and COP displacements decreased in
frequency during increasing frequency. For ankle and hip angular displacement, the displacements
were increased. Meanwhile, COM and COP displacements were increased, and ankle and hip angular
displacements were decreased during decreasing frequency. With the presence of the transition between
COM–COP and ankle–hip, at a certain time, the phase was changed from in-phase to anti-phase.
Figure 5 illustrates the average value of head peak-to-peak amplitude for each frequency during
increasing and decreasing frequency. During increasing frequency perturbation, the peak-to-peak
amplitude was decreasing. It was observed that the head peak-to-peak amplitude dropped about 50%
between 0.42 Hz and 0.46 Hz. Besides, during decreasing frequency perturbation, the head peak-to-peak
amplitude was gradually increasing. However, during low frequency, the head peak-to-peak amplitude
during decreasing frequency was lower than increasing frequency.
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Figure 5. The average value of head peak-to-peak amplitude for each frequency during increasing and
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3.2. Transition Frequency
The relation of COM–COP and ankle–hip angle was analyzed by using CCF coefficient data,
and the transition frequency was determined with the sigmoid model. The COM–COP and ankle–hip
sigmoid models of the representative subject are shown in Figure 6. All subjects showed the changes
from upper to lower distribution and vice versa of CCF coefficient data, which can be explained as the
degree of freedom of human balance being changed from one degree of freedom (DOF) to two DOF.
The COM–COP and ankle–hip transition frequency for every subject and perturbation conditions are
summarized and shown in Figure 7. Even though all subjects were free from neurological disease, they
showed different transition frequencies at both COM–COP and ankle–hip transitions.
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COP  and ankle–hip  transitions  frequency  in both  frequency  conditions  (increasing  (p =  0.56, ns); 
decreasing  (p  =  0.17,  ns)). No  significant  difference was  observed  between  subjects  during  both 
frequency order  conditions  (increasing  (p  =  0.08, ns)  and decreasing  (p  =  0.34, ns)). A  significant 
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increasing  frequency  and  (b)  decreasing  frequency  translation  perturbation  condition.  Each  blue 
Figure 6. The representative of CCF coefficient data distribution with the sigmoid model during
(a) increasing frequency and (b) decreasing frequency translation perturbation condition. Each blue
point represents a CCF coefficient data for each frequency. The black line represents the sigmoid model.
UD: Upper distribution; LD: Lower distribution.
For the COM–COP transition, the transition frequency varied between subjects. From the total of
40 transitions frequencies of COM–COP and ankle–hip for the 20 subjects, 26 transitions frequencies
showed a transition of both COM–COP and ankle–hip transition at lower frequencies during increasing
frequency perturbation conditions. For decreasing frequency, 16 transition frequencies showed the
transition in the lower frequencies. The mean transition frequency of COM–COP was 0.44 Hz (±0.12)
during increasing frequency, while it was 0.55 Hz (±0.12) during decreasing frequency. Furthermore,
the mean transition frequency of ankle–hip during increasing frequency was 0.42 Hz (±0.12) and
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0.56 Hz (±0.12) during decreasing frequency. From the mean value of transition frequency, it was
observed that the COM–COP transition and ankle–hip transition occurred almost at the same frequency
during both increasing and decreasing frequency. A significant difference was observed between
increasing and decreasing frequency for COM–COP (p = 0.003) and ankle–hip transition frequencies
(p = 0.008). However, no significant difference was observed between COM–COP and ankle–hip
transitions frequency in both frequency conditions (increasing (p = 0.56, ns); decreasing (p = 0.17,
ns)). No significant difference was observed between subjects during both frequency order conditions
(increasing (p = 0.08, ns) and decreasing (p = 0.34, ns)). A significant difference was observed between
increasing and decreasing frequency perturbation for head peak-to-peak amplitude (p = 0.0361).
All subjects showed r2 value more than 0.039, indicating that the model significantly fit with the CCF
coefficient data distribution.
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4. Discussion
The primary aim of this study was to observe and investigate the transition frequency of postural
control strategies by using a proposed sigmoid model based on CCF coefficient data distribution. This
paper is the first to use a sigmoid function model in order to observe the postural strategy transition
frequency. The finding shows that the subjects’ COM and COP displacements were decreased during
increasing frequency and increased during decreasing frequency. In this paper, the transition frequency
could be obtained from the proposed sigmoid model based on CCF coefficient data. All subjects
showed difference transition frequencies at both COM–COP and ankle–hip. The transition frequency of
ankle–hip occurred earlier than that of COM–COP during both increasing and decreasing frequencies.
4.1. Sigmoid Model Based on Cross-Correlation Coefficient Data for the Determination of Transition Frequency
Postural strategy transition can be defined as the changes of postural states between two attractors
that result from the consequence of changes between programs operating at the level of the central
nervous system (CNS) or of the self-organized nature of the postural system [9]. To date, several studies
have investigated the transition between postural strategies by using a relative phase, either using point
estimate relative phase (PRP) or continuous relative phase (CRP) [10,24–26]. However, in the present
study, we proposed an analysis of the transition of postural strategy coordination by using a sigmoid
model based on CCF coefficient data. The CCF coefficient is a statistical measure that calculates the
strength of the relationship between the relative movements of two variables. Besides, since the CCF
coefficient data distribution exhibits a similar pattern to the sigmoidal pattern, the sigmoid model was
proposed to determine the transition frequency of the postural control strategies. This proposed model
was shown to be suitable with any CCF coefficient data distribution even though the data were spread
in a large distribution.
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4.2. Kinematic Characteristic of Continuous Translation Perturbation Frequencies
The different frequencies, increasing and decreasing continuous translation perturbation platform,
provided an experimental manipulation to investigate postural control strategies [10]. Based on
kinematic results, COM and COP displacements were decreased towards increasing frequency and
increased during decreasing frequency. This is in contrast with ankle and hip angle, where angular
displacement increased during increasing frequency and decreased during decreasing frequency.
Sensory information from visual, vestibular, and somatosensory systems is regulated by the central
nervous system (CNS) to maintain balance and postural orientation. Different frequencies exposed to
the body will change the coordinative patterns of the head, trunk, and legs to accommodate the different
action on the body, such as the transition of postural strategy from ankle strategy to hip strategy [17].
Translating the body at different frequencies also moves the sensory systems within and outside of their
optimal operating ranges. In this paper, at a low frequency, the subjects appeared to “ride” the platform
depending on the movement of the platform itself. As suggested by Buchanan and Horak, the COM
amplitude decreased during increasing frequency and the head motion became fixed in space, allowing
vision scene oscillation produced by the translating support surface [6]. At the high frequency, the CNS
tended to apply accurate control to reduce kinematic displacement in order to maintain balance in the
desired position [27]. Besides, the CNS may suppress anticipatory postural adjustments (APAs) since
APAs can reduce the effect of the forthcoming body perturbation [28]. Focusing on COP displacement,
at a low frequency the displacement was smaller than COM and head displacement. In spite of this,
the COP displacement was higher than COM at a high frequency, which agreed with the result of
David A. Winter [2]. This indicated that the COP was greater in order to keep the COM within the
COP line to maintain equilibrium. As shown in the results, at a low frequency the COM and COP
were in-phase. As the frequency increased, COM and COP phases became anti-phase. An increasing
transition frequency causes the COP amplitude to decrease and disturb the postural strategy of a subject
as the COM amplitude can be out of bound, where a good prosecution of posture control strategy
always requires inbound COM amplitude to avoid a stepping strategy. To avoid the involvement
of a stepping strategy, the body increases joint stiffness and moment at the ankle joint [29]. At the
lower frequency, the ankle strategy was used as a balance strategy. However, the physiological limits
of performing the ankle strategy will be reached during increments in translation frequency; at this
instance, it will try to compensate the balance strategy with contribution from hip movement [30,31].
This action of hip movement changes the COM acceleration, which in fact will affect the postural
control strategy from an ankle to hip strategy. This changes the transition phase from in-phase to
anti-phase while adapting to the perturbation translation’s acceleration [32]. However, based on the
result, the ankle–hip transition usually comes earlier than that of the COM–COP transition.
4.3. From a Single-Linked Model to Multi-Segmental Model
Quiet standing tends to approximate a single-link inverted pendulum. Recent studies have pointed
out that hip joints play an important role in maintaining balance even in quiet standing [20,33–36], as
well as in dynamic tasks, which show more ankle–hip joints characteristics [36] and which we can
consider as a multi-segmental model. In this paper, the sigmoid model has shown that there was an
upper and lower distribution of CCF coefficient data of COM–COP and ankle–hip, which revealed
that there was a sudden transition from low to high frequency and vice versa at a certain frequency.
These pattern changes are consistent with the results from Ko et al. [24]. The joint degree of freedom
was regulated by a small amplitude as the motion from the moving platform was at a low frequency.
However, as the motion was increased, the joint degree of freedom motion showed a large amplitude
and forced the postural strategy to re-organize and dissipate the large force; i.e., the head fixed pattern
and transition from ankle to hip strategy and vice versa.
The means of transition frequency for COM–COP and ankle–hip transitions were 0.44 Hz and
0.42 Hz for increasing frequency and 0.55 Hz and 0.56 Hz for decreasing frequency, respectively.
This finding was parallel with Aviroop and Karl, who obtained a coordination change around of
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0.4 Hz–0.6 Hz for the COM–COP transition frequency [11]. The transitions frequencies in both
increasing and decreasing frequency were almost in the same frequency for both COM–COP and
ankle–hip. Even though the transition occurred almost at the same frequency, a slightly difference was
observed where the ankle–hip transition frequency was earlier than that of COM–COP. This finding
was consistent with Ko et al., who stated that the COM–COP coordination is relatively robust and on a
slower time scale of change compared to the coordination of joint components and their individual
motions [24]. As the perturbation applied originated from the lower extremities, the perturbation
moved to the sole then regulated muscle activation, which increased joint stiffness and moment at the
ankle joint. Then, as the physiological limit was reached, the hip movement was involved. Within this
process, the COM and COP positions were also moved from the origin.
The transition happened when the initial pattern was undergoing a state of instability.
The differences of transition frequency were observed between increasing and decreasing frequency,
where the mean transition frequency for increasing frequency condition occurred at the lower frequency
than decreasing frequency condition. These different values for the transitions indicated that the
coordination mode observed is dependent upon the direction of the changes in the control parameter
(platform frequency) [37,38]. These results exhibit a hysteresis phenomenon when the frequency
transition value is varied at different conditions of perturbation frequency. Hysteresis in this study
means that the tendency for the postural control systems itself to remain in the current behavior state
as the control parameter moves through the transition region, provides different frequency transition
values depending on the direction of the control parameter [39]. Furthermore, the coordination of
the postural control strategy was more stable when moving from anti-phase to in-phase (decreasing
frequency) compared to in-phase to anti-phase (increasing frequency) [11]. In decreasing frequency,
the instabilities decreased as the frequency perturbation decreased, which resulted in the earlier
transition frequency compared to increasing frequency. Therefore, the mean value of decreasing
transition frequency occurred earlier than that of increasing transition frequency, which indicates the
subjects easily coordinated the postural strategies during high frequency perturbation tasks.
The differences and variability of the transition point frequency of COM–COP and ankle–hip
among the subjects were also observed. The variation of transition frequency among the subjects might
be related to the balance ability of each subject [40]. It was suggested that patients with low scores of
the balance ability test, i.e., Functional Reach Test, have high joint stiffness [30]. However, in this study,
no correlation was observed between balance ability and transition frequency among the subjects. This
may have happened because there is no specified condition implemented that can normalize posture
control strategies.
4.4. Study Limitations
Two limitations to the present study should be noted. The first is that only healthy and young
subjects participated with high agility and flexibility, as the capability of each subject in terms of their
motor sensory and reflex were considered. Without these attributes, the possibility of the subject being
unable to produce a good posture control strategy during the manipulation of translation perturbation
is high. In the future, we will include a contribution from subjects with impaired conditions such as
having bad vision or vestibular disorder to determine this factor’s influence in the identification of
transition frequency. Besides for that, elderly people also need to be included. The second limitation is
that both knees of the subjects were locked during perturbation to minimize the knee involvement in
the postural control strategy, as our focus was to investigate the transition of ankle and hip strategy.
This is because during an upright bipedal state, the major contribution of posture control strategies
comes from ankle and hip movements, while the knee is involved only when the subject is out of
balance [41].
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5. Conclusions
In conclusion, a transition frequency identification of postural control from an ankle to hip strategy
was presented. Two types of data were used: the first was COM–COP displacements and the second
was ankle–hip angular displacements. These data were analyzed to obtain CCF coefficient data
under increasing and decreasing continuous translation surface perturbation at different frequencies.
The transition point of postural control strategies was identified based on the transition phase of
CCF data (in-phase to anti-phase). This was achieved by implementing the logistic function of the
sigmoid model to differentiate the upper and lower distribution of CCF coefficient data. Two tests were
performed to determine the significant difference between frequencies and types of data; the first was
a paired t-test and second was a two-way ANOVA. It was observed that ankle–hip angle opposed the
COM–COP displacements during increasing and decreasing perturbation frequency, where the COM
and COP displacements were decreased during increasing frequency perturbation while the ankle and
hip angle displacement were increased and vice versa for decreasing frequency perturbation. Besides,
the peak-to-peak amplitude of head displacement was decreased as the perturbation was increasing
and vice versa. At some instant, there is a sudden change in the ‘phase angle’ of the data, where either
the ankle strategy becomes passive or the hip becomes active. Based on the results, the mean transition
frequency of COM–COP and ankle–hip for all subjects was determined. It showed the transition of
COM–COP was evident at 0.44 Hz and the transition of ankle–hip was at 0.42 Hz during increasing
perturbation. Meanwhile, a transition frequency of 0.55 Hz (COM–COP) and 0.56 Hz (ankle–hip) was
observed during decreasing perturbation. Therefore, it was concluded that the transition frequency of
postural control strategies for both the COM–COP and ankle–hip data of healthy subjects was apparent
between 0.4 Hz and 0.6 Hz. The transition frequency was varied according to the direction of the
platform frequency. Besides, the variation in the transition frequency of each subject occurs because
there is no specified condition implemented that can normalize the posture control strategy such as a
light touch and body-harness support. In addition, the implementation of a small step size of 0.02 Hz
during increasing and decreasing continuous translation surface perturbation gives a more accurate
reading of transition frequency as compared with previous studies, which indicated that the range
of transition happened at 0.5 Hz and above. This study provides a new approach for analyzing the
transition phase of postural control strategies.
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Abstract—Hip and ankle strategies are commonly used in 
order to maintain and regain balance when people felt the 
risk of falling, especially in older people. The selection of 
postural responses was influenced by many factors such as 
perturbation conditions, experience, adaptation and also 
fear of falling. Previous studied had reported that the 
postural coordinate patterns had changed with translation 
frequency. However, since there is a possibility that the 
translation surface may be perceived visually and aurally, 
the changed of inclined surface during dynamic translation 
perturbation were considered. Thus, the main objective of 
this paper is to investigate the standing postural strategy 
during explicit (presence) and implicit (absence) condition 
of perception sensory at inclined support surface translation 
with different type of perturbation and sensory sense. 
Comparison with frequency and postural coordinate 
patterns under these conditions were observed. Six healthy 
adults had participated in this experiment study. The 
subjects were asked to maintain their balance and the 
standing postural control with and without the presence 
sensation during inclined support surface translation were 
observed. The trunk and head were fixed at the fast 
frequency. Furthermore, muscle activities were active 
during the implicit condition than the explicit condition. 
Furthermore, without the visual information, the body 
intended to sway more and higher activation muscle was 
observed. This study concluded that the influence from the 
upper center of the body due to the existences of perception 
sensory affects the postural control strategy. Besides, the 
explicit of perception sensory and visual information was 
important in maintaining our balance. For future 
investigation, consideration of the existence of perception 
sensory with translation surface changes is useful for fall 
prevention. 
 
Index Terms—perturbation, inclined translation, base 
support changes, postural coordination 
 
I. INTRODUCTION 
Millions of people spend a good deal of their time on 
their feet for standing, walking or running. D.A. Winter 
(1995) had stated that human is inherently unstable due to 
large body mass is located high above a relatively small 
base of support. There are three major sensory systems 
that involved in balance and posture such as vision 
(planning motion and avoiding obstacles along the way), 
vestibular (detect linear and angular acceleration) and 
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somatosensory/proprioceptive systems (sense the position, 
velocity, orientation of gravity and contact with external 
objects) [1]. Sufficient feedback information from these 
senses can make the balancing process become effective. 
In recent years, physical strength and athletic ability 
have been declined due to economic growth, eating habits, 
and lack of exercises. Additionally, certain health 
condition, injuries, diseases such as stroke and also aging 
have become the factors for the balance disorder. Balance 
disorder will cause dizziness, falling, floating sensation, 
blur vision and most importantly, it will affect standing 
ability [2], [3]. Focusing on the elderly, the degeneration 
of the balance control systems becomes the main reason 
of the high risk of fall and it has forced the researchers 
and clinicians to investigate and understanding more 
about how the system works [1]. Along with increasing 
ages, decrease in balancing function becomes one factor 
in falling for elderly person. Therefore, by considering 
the postural control mechanism, it will be useful for 
falling prevention.  
The selection of postural responses was influenced by 
the perturbation conditions, experience, adaptation and 
also fear of falling [4]-[6]. However, the selecting of an 
ankle and hip strategy in postural control balance still 
remain unclear. The capability of accelerating center of 
mass (COM) can be increased by using hip strategy and 
the muscle activity for the desired COM acceleration is 
lower during hip strategy [7]. Besides, the selection of a 
specific postural response can be explained by the 
balance between energy consumption and postural 
stability [8].  
Many researchers have been reported on factors that 
influence postural control strategy. Sasagawa et al. have 
reported that the musculoskeletal systems and nervous 
systems change with the inclination of the support surface 
translation [9]. In addition, Buchanan et al. have 
conducted experiment to examine the effect of frequency 
in sinusoidal platform translation on postural movement. 
The coordination patterns between body segments were 
changed due to the changes of frequency was reported 
[10]. Therefore, the perturbation type and frequency 
become important factors in investigating postural control 
strategies. Besides, Ishizawa et al. and Kawano et al. had 
further the investigation by changing the angle of the 
platform translation frequency [11], [12]. However, due 
to the possibility that the surface support inclination may 
be perceived visually and aurally, changes of the support 
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surface inclination during dynamic perturbation was 
considered. 
Thus, this paper main objective is to investigate the 
effect of perception in inclined support surface and the 
influence of postural systems strategy with the changes of 
platform angle and frequency.  
II. METHODS 
A. Subject Preparation 
In this study, six healthy young male subjects had 
participated (age: 21±0.7 [year], height 172±4.3 [cm], 
weight 61±7.2 [kg]). Each subject was given an 
explanation regarding the procedure of this experiment. 
None of the subjects had a history or clinical evidence of 
neurological, musculoskeletal or other medical conditions. 
B. Apparatus 
For the experiment equipment, a 6-axis movable 
platform (MB-150, Cosmate, Japan) was used as a 
platform for introducing surface type of perturbation for 
the subject. Both platform motion and displacement and 
frequency can be regulated. A motion capture system 
with seven high-precision infrared cameras (HWK-
200RT camera, Motion Analysis, USA), force plate 
(9286A, Kitsler, Japan) was used for recording posture 
motion changes during the experiment. Each device 
connected to A/D converter.  
C. Experimental Protocol and Data Recording 
The subjects were instructed to stand upright on the 
motion base platform attached with force plate where 
external perturbation applied. With both hands were 
crossing they required to maintain their balance position 
for a specific period. During the experiment session, 
posture motion and muscle activities were recorded 
simultaneously. Additional trials were conducted in 
which case of subject was almost felt or occasional steps 
occurred.  
The subjects were exposed to three types of sine wave 
external perturbation, which were TD: Toes Down, LV: 
Level and TU: Toes Up at two different frequencies (0.2 
and 0.8Hz) produced by a movable platform (Fig. 1). For 
TU and TD condition, angle of movable platform was 
changed with 1.5 [deg.], 2.0 [deg.] and 2.5 [deg.] before 
and in between the perturbation in order to observe the 
changes of standing postural strategy towards the inclined 
surface during the explicit and implicit condition. 
Furthermore, the subjects’ vision (eyes open (EO) and 
eyes close (EC)) was manipulated. All three different 
perturbations were delivered in a random sequence. 
 
Figure 1.  Definition of inclined support surface in Toes Down (TD), 
Level (LV) and Toes Up (TU) and condition. 
There are few settings were implemented for subject 
preparation. These included number of reflective markers 
used for body motion recording using a motion capture 
system. In this study a fix of 17 reflective markers 
(placed at 3
rd
 metatarsal, lateral malleolus, lateral condyle, 
trochanter of the femur, iliac crest, acromion of spacula 
and top of head) were attached on subject’s joints. 
Besides, during all experiment trials, both right and left 
knee joints locked using wood splints to prevent bias 
movement at the knees.  
Furthermore, subject body also was attached with 
electromyography (EMG) electrodes to capture muscle 
activities while the subject was tried to maintain their 
position on the moving platform. The electrode was 
positioned at four different muscles at lower extremities 
which are bicep femoris (BF), rectus femoris (RF), tibia 
anterior (TA) and medial gastrocnemius (mGas) and were 
recorded at a sampling frequency of 1kHz. Besides, 
kinematic data were obtained from a motion capture 
system. The sampling frequency of the motion capture 
system was 200Hz. 
D. Data Analysis 
Measured data were collected in terms of center of 
pressure (COP), center of mass and muscle activations. 
The raw data from the force plate and EMG were filtered 
by a second-order Butterworth filter with a 6Hz cut-off to 
eliminate noise especially from power line and movement. 
A comparison of kinematics data and EMG data during 
explicit and implicit condition towards the inclined 
support surface were made using statistical analysis 
(mean and standard deviation); and the difference 
between the support surface type conditions, and 
comparison toward visual information were compared 
using two-way analyses of variance (ANOVA) with a 
significant level of p<0.05. All statistical analyses were 
completed using the MATLAB software. 
III. RESULTS AND DISCUSSIONS 
Fig. 2 shows one cycle stick figure under two different 
frequencies at level condition. Fig. 3 below shows the 
head trajectory average and movable platform signal 
average at 0.2Hz and 0.8Hz frequencies. In low 
perturbation translation (0.2Hz), subjects rode the 
platform with little damping at head and trunk followed 
the anterior-posterior motion. However, at the fast 
perturbation translation (0.8H), subjects fix their head and 
trunk motion in order to maintain balance. In Fig. 3 the 
amplitude of head motion was decreased with the 
increasing of the frequency. 
 
Figure 2.  Stick figure under two different frequencies (left: 0.2Hz, 
right: 0.8Hz). 
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Figure 3.  Head amplitude with frequency changes (left: 0.2Hz, right: 
0.8Hz). Head amplitude is shown by the use of solid line. Shaded area 





Figure 4.  Motion base, COM, COP and muscle activation with the 
presence and absence of perception sensory (left: explicit condition, 
right: implicit condition, A and B: Toes Down, C and D: Toes Up, A 
and C: Eyes open, B and D: Eyes close condition). 
Fig. 4 illustrates movable platform, COM, COP and 
muscle activation under implicit and explicit condition of 
perception sensory at the toes down (Fig. A and B) and 
toes up (Fig.4 C and D) during eyes open and eyes close. 
TA muscle has shown the most significant activation 
during toes up condition with eyes close in implicit 
condition. However, mGas muscle activity was lowest 
during toes up. Besides, during the implicit condition, 
mGas muscle has shown a higher activation regardless 
type of surface condition and visual information. On the 
other hand, muscle activation for TA and mGas have 
shown significant changes in implicit condition. 
The mean of COM, COP, TA and mGas data 
measurement of all subjects was shown in Fig. 5. The 
black line shows the average plot for every subject. By 
comparing between the existence of perceiving sensation, 
muscle activation for TA and mGas shown a significant 
difference during inclined translation perturbation. 
Moreover, the COM and COP displacement shown a 
greater displacement during implicit of perception 
sensory condition. 
Fig. 6 indicates the COM and COP displacement, TA 
and mGas muscle activation in response to support 
surface in three different conditions with different visions 
sensory at frequency 0.8Hz. All the results in kinematics 
and muscle activity have shown a significant difference 
between two different visions sensory. Meanwhile, 
significant increase in COM displacement was seen in all 
three different translation conditions, especially in the 
toes down condition. In terms of type of perturbation, a 
significant difference was observed between level and 
toes up condition for TA muscle. For the mGas muscle, a 
significant difference was observed between level and 
toes up condition, and between toes up and toes down 
condition during eyes close. 
 
 
Figure 5.  Mean of COM, COP,TA and mGas at 0.8Hz during eyes 
close (red: explicit condition, blue: implicit condition) 
        Explicit 
          Implicit 
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Figure 6.  Group mean and standard deviation of the Center of mass 
(COM), center of pressure (COP) displacement and EMG data of TA 
and mGas muscle at 0.8Hz translation frequency. The blue indicates eye 
open (EO) condition and the red indicates eye close (EC) condition. A 
significant difference between visual information is indicated by *, a 
significant different between the type of perturbation is indicated by Ϯ. 
IV. DISCUSSION 
The aim of this study was to investigate whether or not 
the implicit inclined support surface with the changes of 
platform angle and frequency will influence the postural 
system strategy.  
In the present experiment, we at first demonstrated that 
in the level condition, at fast perturbation translation 
(0.8Hz), subjects tend to fix their head and trunk motion 
to maintain their balance. These results were agreed with 
Buchanan et al. where he had suggested that by fixing the 
head in space, very stable platform is provided for the 
vestibular systems [10]. With the head fix in the space, it 
actually limited the sense of the Vestibulo-Ocular Reflex 
(VOR) which functioning for triggering eye movement to 
fix on a desired gaze point when the head was moving. 
The postural reflex on any changes due to movement can 
be made quickly and effectively with this mechanism. 
The experimental results showed that there is a relation between base 
support surface changes and postural system strategy (Fig. 4). In the 
present experiment, higher value was shown in the center of mass, 
center of pressure and muscle activation in implicit condition in all 
types of support surface changes. Here, the presence of sensation played 
an important role in maintaining balance. The human body still can 
detect the changes in support surface perturbation even the changes was 
unrecognizable. This can be explained by the existence of sensory 
receptor (muscle spindle/proprioception) which located in the belly of 
the muscle. Sensory receptor can detect changes in the length of the 
muscle and send the information that can be processed by the brain in 
order to determine the body position. However, mGas muscle shown 
low muscle activity in toes up condition. This wasagreed with 
Sasagawa et al. where indicated that increased passive 
contribution required less extensor torque generated by 
active muscle contraction [9]. 
In above results, the absence of perception sense and 
vision led to different center of mass and center of 
pressure displacement, and muscle activation value based 
on the type of perturbation. Furthermore, different 
translation support surface shown to be affected by the 
presence of visual information. The postural body 
coordination was affected by the unrecognizable support 
surface translation changes by applying perturbation and 
blocking vision information. During implicit condition 
along with eyes close, the body was easy to lose balance 
since all kinematics and muscle data were high. The 
weakness of vision sensory not only can lead to higher 
muscle activation value (Fig. 5.), it also can lead to the 
increased in body sway. According to Buchanan (1999), 
visual information helps in reducing the variability of the 
head’s position and the position of the center of mass 
within the support surface defined by feet. Furthermore, 
visual system and vestibular system works closely to 
maintain balance. Therefore, the vision was proven 
played an important role in calibrating the vestibular 
systems to help optimize physical balance [13]. 
From this study results, standing postural strategy was 
effected by the type of perturbation even in implicit 
condition. Furthermore, the influence of the three major 
senses of the visual system, the vestibular system and 
somatosensory system that involved in posture balance 
control was also proven. 
V. CONCLUSION 
The aim of this paper is to investigate the perceived 
sensation during the support translation angle changes 
and influence to the postural balance strategy. The 
postural balance strategy was changed even in an implicit 
condition of perception sensory condition at inclined 
support surface translation. Besides, the balance becomes 
easy to lose under implicit of perception sensory. This 
study concluded that the influence from the upper center 
of the body due to the existence of perception sensory 
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was affected the postural control strategy. Therefore, 
investigation in consideration of perception sensory 
existence is useful for fall prevention. Further study will 
be necessary in order to predict balancing strategy in 
details based on intrinsic factor such as muscle activity 
together with kinetic and kinematics data. 
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EXTENDED ABSTRACT (10pt. Times New Roman, and 300 words) 
Compare to static balance, dynamic balance with the presence of external perturbation requires more complex strategy. 
The present study investigated the changes in postural coordination patterns and the transition strategy at the face of 
dynamic tasks in the anterior-posterior (AP) continuous support surface movement. It is believed that perturbation at a 
surface level sufficient enough to challenge the postural control system. The subjects were asked to maintain their 
balance while ascending frequency translation AP perturbation were applied. The results revealed that as the frequency 
platform increased, the displacement of center of mass (COM) and head were decreased. Otherwise, the displacement of 
center of pressure (COP), ankle and hip angle joint were increased. From the graph displacement-velocity, as the 
frequency was increased, the area of displacement- velocity smaller compare to lower frequency. Besides, the COP 
displacement-velocity seems to be bigger than COM velocity-displacement area at the higher frequency. It indicates that 
COP was always higher than COM at the higher frequency in order to maintain the equilibrium of the body and prevent 
from fall. Furthermore, from the cross-correlation analysis, the transition point of postural coordination was obtained. 
Every subject has shown a different transition point. For average, COM-COP transition occurred at 0.42Hz and 0.38Hz 
for ankle-hip angle transition. In this study, depending on the perturbation given, the transition frequency on postural 
coordination was different individually. Comparing to the previous study, transition frequency obtained in this study was 
in the lower frequency. It indicates that subjects tend to stay in anti-phase condition longer than in in-phase condition in 
order to maintain balance. This study finding provides new insight into postural coordination transition determination. 
This information has implication for the design of rehabilitation tools. 
 
Figure 1 A typical of cross correlation coefficients between COM-COP and ankle-hip of participant for ascending 
condition. 
KEYWORDS (10pt. Times New Roman, and not more than 6 words)  
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Estimation of Postural Control Strategy
During Continuous Perturbation
Nur Fatin Fatina bt Mohd Ramli, Ogawa Sho, Ikeda Takehiro,
and Yamamoto Shin-ichiroh
Abstract
Stability is an important aspect for every moving object
and millions of people spend a good deal of their time on
their feet for standing, walking, or running. Compared to
static balance, dynamic balance with presence of external
perturbation requires more complex strategy. The purpose
of this study was to investigate the multi-segment of
human postural control strategy organization in continu-
ous perturbation balance task between ankle-hip angle as
collective variable. We examined the transition of Center
of Mass (COM)-Center of Pressure (COP) and ankle-hip
angle pattern in moving platform balance paradigm. Eight
healthy young adults stood on a moving platform in the
anterior-posterior direction continuously within the fre-
quency range 0.2–0.8 Hz and vice versa with eyes
opened. COM, COP, and ankle-hip angle changed from
in-phase to anti-phase at a certain point frequency of
support surfaces. From the cross-correlation coefficient
calculation, higher frequency shows negative correlation
between the ankle-hip angle which mean these two
variables were moving in the different phase direction.
These results indicate that joint angle sway also could be
one of the collective variables in order to determine
postural strategy determination.
Keywords
Balance  Postural response  Continuous perturbation
Transition  Ankle strategy  Hip strategy
1 Introduction
Balance can be defined as an ability to keep equilibrium state
by adjusting the center of mass (COM) and center of pres-
sure (COP) which frequently changes due to changes in
positions and movements of the body segments [1]. How-
ever, as we grow older, the balance control system will be
degenerated and this become the main reason of high risk
falls among older people. Before new balance training and
rehabilitation tools can be developed, a better and deeply
understanding of the pastoral strategies used to maintain
balance need to be understood first.
Human bipedal stance is inherently unstable due to large
body mass located high above the small relative base sup-
port. Human are able to select distinct strategies depending
on task requirements. Ability to maintain appropriate rela-
tionship between the body segments, and between the body
and the environment task is defined as postural orientation
[2]. Over the past 20 years, research on postural control
orientation has been concentrated within two strategies
which called ankle and hip strategies.
According to Horak and Nasher, by using an ankle
strategy, the postural control orientation was mainly around
ankle joint rotation [3], yet including low hip joint rotation.
On the other hands, when the high or great frequency per-
turbation was imposed, anti-phase rotation at both ankle and
hip joints is observed [4]. The selection of postural control
strategies was influenced by many factors such as the per-
turbation conditions, experience, adaptation and also fear of
falling [5–7]. Besides, the perturbation type and frequency
become important factors in investigating postural control
strategies. However, there are no details prove in at which
frequency the postural control strategy transition occurred.
Therefore, there are still room for investigation in order to
deeply understand the relationship between postural
responses strategy toward frequency perturbation.
Due to the existence a number of postural strategies
available to achieve multiple goals, it’s believed that
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kinematics variable parameters and the cross-correlation
analysis may reveal their presence. Therefore, the aim of this
paper is to investigate the multi-segment of human postural
control strategy organization in translation anterior-posterior
continuous perturbation balance task between ankle-hip
angle as collective variable. It is believed that perturbation at
surface level is sufficient enough to challenge postural
control systems. As an addition, the causes of the transition
will be discussed in this paper.
2 Methods
2.1 Participants
Eight healthy male were participated voluntarily in this study
experiment. Their age, height and body mass were
23.29 ± 3.15 years old, 173.0 ± 4.0 cm, 76.0 ± 4.0 kg
(mean ± SD), respectively. They had no history of neuro-
logical history. All participants gave their informed consent
to participate in the study experiment after receiving a
detailed explanation of the purpose and risk involved.
2.2 Experimental Protocol and Apparatus
Figure 1 shows the experimental setup for this experiment
study. The participants were requested to keep a quiet
standing (no motion of the platform) with barefoot for 20 s
to record quiet standing data for every participant. Then, the
participants were imposed with the perturbation which was
induced by moving platform. The participants were
instructed to maintain their postural balance while the per-
turbation was given with barefoot, eyes open and focused at
a mark that been set at the eye level. The participants placed
their feet side by side, with shoulder width, comfortably and
kept their arms folded across their chest. A 6-axis movable
platform (MB-150, Cosmate, Japan) was used as a moving
platform to generate sinusoidal translation along the
anterior-posterior direction. There were 31 frequencies of
0.2–0.8 Hz with 0.02 Hz steps of ascending and descending
frequencies in 6 cycles for each frequency at the single
platform motion with amplitude 50 mm. The perturbation
was given randomly with three trials of each perturbation.
The total duration of each trial was about 368 s. The par-
ticipants were given sufficient rest in between the trials.
Additional trials were conducted in which case of participant
was almost felt or occasional steps occurred.
A 3-D motion capture analysis system with ten
high-precision infrared cameras (HWK-200RT camera,
Motion Analysis, USA) was used to record the motion of
passive marker attached over the joints of the experimental
participants. A fix of 16 reflective markers (placed at 3rd
metatarsal, lateral malleolus, lateral condyle, trochanter of
the femur, iliac crest, acromion of spacula, top of the head
and four markers on the force plate) were attached over the
participants’ joints. Besides, during all experiment trials,
both right and left knee joints were locked to prevent bias
movement at the knees. A force platform (9286A, Kitsler,
Japan) was used to derive the displacement of the body’s
COP and mounted on the moving platform.
2.3 Data Measurement and Analysis
The COM was calculated from the eight-segment model.
The total body COM position was obtained by the weighted
summation of the individual segment COM position. The
ground reaction force, the horizontal component in
y-direction force and the force plate moment at the x-axis,
recorded from the force plate with sampling rate 200 Hz and
filtered with low pass 2nd order Butterworth filter. Joint
movement coordinates obtained from motion analysis sys-
tems with 1 kHz sample rate were used to measure joint
angle displacement and body segment length for segmental
COM location. A comparison of different frequencies and
individual participant was compared using Two-way analy-
ses of variance (ANOVA) with significant level of
p < 0.005. Besides, paired t-test was used to observed dif-
ferent between COM-COP and ankle-hip transition fre-
quency and unpaired t-test for observation between
ascending and descending frequency condition.
Cross-correlation coefficient function analysis was used to
observed the changes transition between COM-COP dis-
placement and ankle-hip angular displacement. All statistical
analyses were completed using the MATLAB software.
3 Results
3.1 Displacement of Kinematics Variable
All participants were able to accomplish the task given per-
fectly. Figure 2 presents time series of mean displacement of
the COM, COP, head, ankle angle and hip angle for
ascending and descending frequency condition. COM and
head displacement gradually decreased as the platform
function frequency was increased. On the other hand, the
ankle and the hip angular motion displacement increased as
the frequency increased. For descending condition, COM,
COP and head displacement were increased as a response to
decreasing frequency. Ankle and hip angle displacement
were decreased along with the decreased of the frequency. By
comparing between frequency with individual participant, all
kinematic displacements were significantly different between
frequencies (COM (p < 0.005) (F (30,216) = 25.76,
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p = 3.18E−50), head (F (30,216) = 10.71, p = 1.6E−26),
ankle angle (F (30,216) = 42.57, p = 2.34E−66), hip angle
(F (30,216) = 2.35, p = 0.0003), respectively) except COP
displacement which show no significant difference in
between frequencies during ascending frequency condition.
3.2 Cross Correlation Analysis
Cross correlation function analysis was used to address
transition between COM-COP and ankle-hip coordination
(see Fig. 3). Even though all participants were free from
Fig. 1 Experimental setup. The participant rode on the moving platform loaded with force plate in anterior-posterior translation perturbation
Fig. 2 Time series of mean displacement of kinetic and kinematic variables at the platform frequency 0.2–0.8 Hz for ascending (left) and
descending (right) condition
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neurological diseases, none applied the same transition point
between COM-COP and ankle-hip. All participants show the
transition between COM-COP and ankle-hip angular except
S5 which show no COM-COP transition during ascending
frequency condition and ankle-hip transition during
descending frequency condition for S8. Figure 3 indicate
that all participants show positive correlation coefficient for
the lower frequency which demonstrated an in-phase pattern,
and a negative correlation coefficient for the higher fre-
quency where the phase pattern was in anti-phase. However,
the transition point was different between the participants.
A transition point for every participant was shown in
Table 1. For COM-COP transition changes, the transition
was occurred in the range between 0.26 and 0.50 Hz for
ascending frequency condition and in between 0.28 and
0.78 Hz for descending frequency condition. Besides, for
ankle-hip transition changes, for ascending condition, the
transition was occurred in the range between 0.44 and
0.54 Hz and in between 0.36 and 0.68 Hz for descending
condition. A significant difference was observed at
COM-COP transition between ascending and descending
frequency condition (p = 0.014). However, no significant
difference was observed in between ankle-hip transition
frequency (p = 0.44; ns). For comparison between
COM-COP and ankle-hip transition frequency in each con-
dition, no significant difference was observed in both con-
ditions (p = 0.06 for COM-COP and p = 0.24 for ankle-hip;
ns).
Fig. 3 A typical of cross correlation coefficients between COM-COP and ankle-hip of participant for descending (left) and ascending (right)
condition
Table 1 The frequency of the transition for the COM-COP and ankle-hip coordination
Participant COM-COP Ankle-hip
Ascending Descending Ascending Descending
S1 0.48 0.48 0.48 0.56
S2 0.38 0.62 0.44 0.38
S3 0.38 0.28 0.44 0.44
S4 0.26 0.58 0.48 0.36
S5 – 0.68 – 0.62
S6 0.50 0.78 0.54 0.58
S7 0.26 0.74 0.54 0.68
S8 0.42 – 0.44 –
Mean (SD) 0.38 (0.009) 0.59 (0.03) 0.48 (0.002) 0.52 (0.015)
COM Center of mass, COP Center of pressure
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3.3 Ankle and Hip Joint Torques
Postural control strategy formation was pursued with the
analysis of ankle joint and hip joint torques. The formation
of mean of all participant’s ankle and hip joint torques in
time series was presented on Fig. 4. In the early perturbation
(low frequency), the ankle joint torque was greater than the
hip joint torque for ascending frequency condition and vice
versa for descending frequency condition. However, as the
frequency perturbation increased/decreased, hip joint torque
becomes higher/smaller than ankle joint torque. Even though
the ankle joint torque was decreased/increased, but the
decrease/increase was small compared to hip joint torque
where the increased/decreased was seem to be about three
times at the higher/lower frequency.
4 Discussion
This study’s primary objective was to investigate the
multi-segmental of postural control strategies from the
kinematic variable in continuous anterior-posterior transla-
tion. In quiet standing, it was observed that the hip angle was
greater than ankle angle [7]. However, in this study both
joint angles were increased in dynamic standing with
external continuous perturbation. From these results (Fig. 2),
it’s shown that ankle and hip were both in function towards
maintaining balance in dynamic standing. It was believed
that human postural control for every person is different and
adapt quickly in order to maintain balance. Based on the
results in Fig. 2, it was illustrated that kinematic character-
istics were changed towards imbalance. For low
anterior-posterior translation frequency, the participants rode
the platform which resulted in higher COM displacement,
however, for higher translation frequency, participants fixed
head motion in order to remain maintain on the platform. It
was believed that in high frequency perturbation, adaptation
was not a choice. The Central Nervous Systems (CNS) tend
to apply accuracy control to reduce kinematic displacement
in order to maintain balance in desired position [8]. More-
over, even the changes of frequency perturbation were not
notified to the participants, the human body still can detect
the changes of the frequency perturbation and adjust the
COM within COP line. This can be seen by the participant
gradually adjusting the postural control strategies from ankle
strategy to hip strategy and influence the head and COM
displacement to be decreased.
As shown in Table 1, the COM-COP transition occurred
former than ankle-hip transition was observed in all partic-
ipants in ascending condition. While the external force was
given (perturbation frequency increased), the COM and COP
position was moved and caused imbalance to the partici-
pants. Therefore, in order to achieve balance condition,
postural control strategies were changed according to the
pressure of varying task. From these results, when the par-
ticipants were given external force, thus becomes unbalance
and instable, postural control strategies were applied
depending on the individual’s goal and environment condi-
tion. Differences of transition point in between individual
participants might be caused by variation of length segment,
mass and force [9]. Besides, the transition was found on
COM-COP and ankle-hip coordination demonstrated that the
participants were able to control their body coordination
depends on varying given frequency perturbation. However,
for descending condition, the transition of ankle-hip was
occurred former than COM-COP transition. In descending
frequency, the subjects changed the strategies first in order to
keep COM and COP point within balance line.
Fig. 4 Mean torque of all subjects towards ascending (left) and descending (right) frequency perturbation
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The result from ankle and hip torque (Fig. 3) proved that
human used ankle strategy to maintain balance at the lower
frequency. If the ankle cannot exert a sufficient moment on
the ground, hip movement will replace the ankle strategy to
achieve balance. Besides, ankle and hip strategies were both
used at the higher frequency since the torque was higher for
both joints. It appears that in constraining situation that limit
the effectiveness of ankle torque, the anti-phase mode
appears where the hip torque was higher than ankle torque.
At the anti-phase mode where hip movement was occurring,
without affecting the balance, body coordination was chan-
ged as to prevent the heel from lifting from the motion base
in order to correct the COM and COP position [4].
5 Conclusion
The aim of this paper is to investigate the multi-segmental of
human postural control strategies by using ankle and hip
angular displacement as collective variable and discussed the
cause of the transition. By manipulating the frequency of the
perturbation, the changes in the COM and COP and also the
changes in strategy applied can be observed. This study also
able to demonstrated that ankle and hip angle parameter can
be a collective variable to determine the postural control
orientation by inducing simple dynamic balance task. By
using cross-correlation analysis, in-phase and anti-phase
between ankle and hip angle can be observed. Thus, these
results were supported by observation at the ankle and hip
joint torque where at the lower frequency greater ankle joint
torque was observed. On the contrary, at the higher fre-
quency perturbation, both ankle and hip joint torque were
greater indicate that both joints were used to maintain
balance. However, further analysis should be done in order
to collect more data and understanding in postural control
orientation at continuous condition with visual constraint
and increased more participant number.
Conflicts of Interest The authors declare that they have no conflict of
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A REVIEW OF BALANCE ASSESSMENT BASED ON VARIOUS 
PERTURBATION 
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 Human bipedal stance is naturally unstable due to its 
composition as an inverted pendulum. Balance can be 
defined as an ability to keep equilibrium state by adjusting 
Center of Mass (COM) and Center of Pressure (COP). 
Generally, there are two types of balance assessments 
namely functional and physiological assessment. 
However, functional assessments were reported to be 
exposed by human error. On the other hand, physiological 
assessment study and development was needed to produce 
more reliable results. In this paper, a review of the 
literature and findings of the used of perturbation types in 
previous studies experiment in order to study human 
postural balance was discussed. Perturbation applied can 
be categorized into two types of perturbations which are 
by using the movable platform and vibration based on the 
purpose of the study. Most of the studies method required 
subjects to maintain their body balance on the platform 
while exposed to the perturbation. Data from several 
studies suggest that higher perturbation enforced from 
motion base resulted in the subjects’ head to be fixed in 
order to maintain balance. To date, there has been no 
reliable evidence that thoroughly examines in terms of 
electromyography (EMG) data from lower limb muscles 
in relation to the types of perturbation applied. For the 
future research, an investigation focusing on collecting 
muscles’ EMG data in relation with sudden perturbation 
and continuous perturbation is proposed. We speculated 
that sudden perturbation would induce greater disturbance 
and earlier muscle activation than continuous perturbation. 
An improved understanding of the impact of the 
difference types of perturbation on the postural responses 
will increase knowledge about appropriate evaluation 
methods for balance disorder especially for the elderly 
persons. 
 




1. INTRODUCTION  
 Millions of people spend a good deal of their time on 
their feet for standing, walking or running. D.A. Winter 
(1995) had stated that human is inherently unstable due to 
large body mass is located high above a relatively small 
base of support.  
 In recent years, along with the super variety of life 
rhythm due to economic growth, eating habits, and lack of 
exercises, physical strength and athletic ability have 
declined. Additionally, certain health condition, injuries, 
diseases such as stroke and also aging have becomes the 
factors for the balance disorder. Balance disorder can 
affect daily life by causing dizziness, falling, floating 
sensation, blur vision and most importantly it will effect 
standing ability (N.M. Arts 2009; Stoffregen and Smart. 
Jr. 1998). Focusing on the elderly, the degeneration of the 
balance control systems becomes the main reason of the 
high risk of fall and it has forced the researchers and 
clinicians to investigate and understand more about how 
the system works (Winter 1995).  
 Balance of the human body can be defined as an 
ability to keep in equilibrium state by adjusting the Center 
of Mass (COM) and Center of Pressure which frequently 
changes due to the changes in position and movement of 
the body segment (Pollock et al. 2000).  
 
1.1 Center of Mass (COM) and Center of Pressure 
(COP) 
 COM can be defined as a point equivalent of the total 
body mass of the object. Meanwhile, COP is a term that 
given to the point of application of the ground reaction 
force vector (sum of all forces acting between a physical 
object and its supporting surface).  
 Position of COM and COP plays an important role to 
ensure balance is remained especially in static condition. 
For example, the object is in a balance state when the 
COM located within the COP range. However, when an 
object is moving, COM will move away from the COP and 




resulted with unbalance and instable. In order to achieve 
balance, larger COP is required so that COM will always 















Fig 1. Position of COM and COP 
 
2. BALANCE ASSESSMENT 
Balance disorder will significantly impact upon 
quality of life and independence. Therefore, balance 
disorder assessment has an important role, especially in 
order to detect whether or not the balance problem exists, 
to determine the cause of the problem (Mancini and Horak 
2010) and as an aid to understand how the postural control 
systems works. 
Generally, balance assessment method available in 
two methods which are functional and physiological. 
Functional assessment is generally used in the clinic with 
the present of a physiotherapist or doctor. However, 
functional assessment was reported to be exposed to 
human error (M. Raiche et al. 2000, M. E. Jenkins et al. 
2010).  Meanwhile, physiological assessment evaluates 
the balance by measuring patient’s physiological changes 
and generally measures in term of kinetic, kinematics and 
electromyography aspects during posture changes. Simple, 
reliable and efficient assessment method is in demand, 
thus, required to produce more reliable results. Table 1 
shown the list of functional and physiological assessment 
method along with the advantages and limitation of each 
method. 
 
3. PERTURBATION  
Used of the perturbation as an external force as one of 
the assessment methods were reported by several 
researchers (Buchanan and Horak 1999, Ishida et al. 2008). 
For example, Horak and Nasher (1986) and Torrence and 
Lena (2007) have done an investigation on young and 
elderly people by providing external disturbance stimulus 




Table 1 Balance ability assessment method available. 
Method Advantage Limitation 





 No special 
equipment 














 Fit with clinical 
environment 
 Acceptable to 
be used as a 
screening test 
for fall 








 Only for half 
impairment 
patient 
 Longer time 
 Need a quiet 
place 







 Useful in 
prediction of 
postural stressor 
 Need to use 
additional tool 
to improve data 
collection 
 Exposed to 
human error 




 Able to apply 
sensory 
manipulations 
 Useful and able 
to detect 








 Complex data 





 Unable to detect 
defect on posture 
performance  
 
The perturbation can be induced by two methods 
which are by movable platform and vibration stimuli 
according to the purpose of the research’s objective. These 
two methods are used for mimicking external force in 
order to investigate and understanding about human 
balance postural control. 
 
3.1. Movable Platform 
Human balance and postural research frequently use 
translations and titling perturbation of the surface on 
which a person stands. Apparatus like movable platform 
usually used to produce the perturbation for mimicking 
external force in order to observe balance postural control. 
COP 




On the movable platform, a force plate usually placed to 
measure the forces and moment applied to its top surface 
as a subject stand, steps, or jumps on it.  
The coordinating pattern of head, trunk, and leg will 
require changes to accommodate the different forces 
acting on the body. Several studies have investigated 
postural responses to sinusoidal surface frequencies and 
indicated that over a small range of anterior-posterior 
(A/P) translation frequencies (0.25-0.5Hz) observed a 
changes in the body inclination and some damping of the 
head and COM motion as the frequencies increased (Dietz 
et al. 1993, Berger et al. 1995).In 1999, Buchanan and 
Horak have investigated the frequency characteristics of 
human postural coordination and the function of vision in 
this coordination with six different frequencies (0.1, 0.25, 
0.5, 0.75, 1.0 and 1.25Hz). The subjects tend to fix their 
head and upper trunk in fast translation frequencies (1.0 
and 1.25Hz) in eye open and closed condition was 
observed. However, the A/P displacement was higher in 
the condition of eyes close. These results suggest that both 
senses and biomechanical constraints limit postural 

















Fig 2. Experiment landscape of previous study of 
postural stability function with variable platform. 
 
Sasagawa et al (2009) had investigated the active 
stabilization by the inclined surface on quite standing. 
However, the experiment only examined principally linear 
motion of body segments and had a limited range of 
experimental perturbations. Therefore, the effect of the 
postural control strategy when the sagittal plane was 
inclined without in cognitive of the subjects was observed 
(Kawano and Yamamoto, 2014). As a result, ankle joint 
motion and hip joint motion was in anti-phase relation 












Fig 3. Cross-correlation function of ankle and hip 
result (Kawano and Yamamoto, 2014) 
 
According to the previous study, joint stiffness was 
observed able to describe certain issue regarding to 
movement performance. Besides, visual input also plays 
an important role in balancing process. Aizreena et al. 
(2014) had reported that joint stiffness becomes high 
during difficult balance situation. Based on the Fig 3., 
under weak sensory input condition, subject almost unable 
to adapt and joint stiffness kept increasing in order to 


















Fig 4. Comparison of average adaptation percentage 
of joint stiffness between normal (O) and sensory 
condition (±SE) (Aizreena et al., 2014) 
 
Besides, adaptation in postural control also can be 
observed by inducing continuous translation perturbation 
(Micaela and Stefania 2016).  
 
3.2 Vibration 
The study related to the movement of human such as 
prevention from falling is rapidly study. These studies can 
be divided into two, (1) to evaluate the balance function 
for finding mechanism fall is occurred (Kato et al. 2010) 
and (2) development of training equipment or instrument 
for increasing balance function (Kato et al. 2010).  
There are three major senses involved in postural 
balance control such as vision, vestibular system, and 




somatosensory systems (proprioception or sense the 
position). Proprioception allows humans to control their 
limbs without directly looking at them. Along with 
increasing age, failure of the control systems to function 
and dysfunction of proprioceptive sense are believed can 
cause overturning (fall) especially in elderly person. 
However, the influence of the somatosensory systems to 
the control nervous systems (CNS) of the human body 
movement is still largely unknown. 
Several studies have performed experiments by 
selecting the sensory body parts to apply the vibration 
stimulus and somatic sensory functions’ and posture 
balance function were discussed. According to previous 
studies (Polonyova and Hlavacka 2001, Kavounoudias et 
al. 1999), postural changes in different direction according 
to which muscle the vibration was applied and the value 
of the COP was different based on the vibration frequency 
applied has been reported. Furthermore, the whole body 
tends to move in backward direction when the vibration 
stimulus was being applied to the Achilles tendon 
(Thompson et al. 2007).  
Sole is the only supporting point that can keep human 
to balance their standing posture with only 2% of body 
surface area. Decreasing of the sensory information from 
the sole will lead to decrease in posture adjustment 
function in order to support body postural control. 
Therefore, investigation on body lean response from the 
vibration of plantar soles in order to understand the 
influence of proprioceptive input from planter soles in 
human posture control had been reported (Yasuda et al., 
2011). The vibration stimulation to toe induced body to 
lean backwards. On the hands, body tends to lean forward 
when the vibration stimulation was induced to heel. Hence, 
differences in load information applied to the front (toe) 
and back (heel) of the foot had changed the standing 













Fig 5. (A) The link model shift made from the 
marker position between vibrations. (B) Forward and 
backward postural responses induced by stimulating 
separately heel and toe (Yasuda et al., 2011) 
 
The proprioceptive sensory information which is said 
to be important for maintaining the standing posture keeps 
the posture while controlling sensory information from 
both the leg muscles and sole. Therefore, by evoked 
proprioceptive sensory simultaneously at both leg muscles 
and sole while observed postural control was investigated 
(Okumura and Yamamoto, 2015). Fig 6. shown that the 
correlation coefficient between stimulation given at the 
leg muscles and simultaneously at leg muscles and sole 
are higher than sole and simultaneously at leg muscles and 
sole. Besides, Heel X SOL vs Heel correlation coefficient 
shown that when the stimulation applied at Heel, the COM 
was moved forward but in condition Heel X SOL, moved 
to backward direction. Hence, in maintaining posture 
control while standing, conflicts were caused when 





















Fig 6. Correlation coefficient comparison of 




In this paper, the type of perturbation was being 
discussed. The used of movable platform and vibration 
stimulation in research experiment can provide us with 
deep understanding of postural control system. According 
to previous research, lower extremities play an important 
role in balance. Without a sufficient activation or response 
from the lower extremities, it is difficult to the nervous 
system to provide a feedback to generate efficient strategy 
and prevent from falling. Therefore, it is believed that 
perturbation at surface level (movable platform) is enough 
to challenge postural control system. However, lack of 
reliable data may be an important factor contributing to 
negative results. Additionally, meaningful interpretation 




of muscle activation could be one of important parameter 
in order to obtain deep understanding in postural control 
balance system.  
 
5. FUTURE FRAMEWORK 
From the above review, there is still no comparison 
investigation by using movable platform with sudden and 
continuous perturbations for investigating postural control 
systems focusing on EMG data. In future research, by 
used the movable platform as an external force, both COM 
and COP displacement and onset latency of muscle 
activation, i.e., Tibialis Anterior (TA), Medial 
Gastrocnemius (mGas), Rectus Femoris (RF), Biceps 
Femoris (BF) while maintaining postural balance are 
observed and compared. An improved understanding of 
the impact of the difference types of perturbation on the 
postural responses will increase knowledge about 
appropriate evaluation methods for balance disorder. 
 
5. CONCLUSIONS 
In summary, in order to detect risk of fall, this paper 
discussed two balance assessment methods based on 
functional and physiological characteristics. As the 
functional assessment was reported expose to human error, 
physiological assessment is highly expected to provide 
simple and reliable results. In the physiological 
assessment, perturbation by movable platform and 
vibration were used to mimic external force.  Although 
there is no comparison research between types of 
perturbation, the used of perturbation in order to 
investigate the human postural control is large. Future 
research should focus on which perturbation type is more 
effective and will provide reliable results. The 
methodological and well-designed safe protocols should 
also be taken into consideration for the establishment of 
comparable results.  
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ABSTRACT 
Human bipedal stance is naturally unstable due to composition as inverted pendulum. Balance can be defined as an ability 
to keep equilibrium state by adjusting Center of Mass (COM) and Center of Pressure (COP). Generally there are two types 
of balance assessments namely functional and physiological assessment. However, functional assessments were reported 
to be exposed by human error. On the other hand, physiological assessment study and development was needed to produce 
more reliable results. In this paper, a review of the literature and findings on the perturbation type used in previous studies 
was explained and a preliminary study will be done. Perturbation applied can be categorized into two types of perturbation 
which are by using motion base or vibration based on purpose of the study. Most of the studies method required subjects 
to maintain their body balance on the platform while exposed to the perturbation. Data from several studies suggest that 
higher perturbation enforced from motion base resulted the subjects’ head to be fix in order to maintain balance. To date, 
there has been no reliable evidence that thoroughly examine in terms of muscle activation in relation to type of perturbation 
applied. From this review paper, an investigation on muscle activation in relation with sudden perturbation and continuous 
perturbation are proposed. The muscle activation when sudden perturbation applied was expected to be higher than 
continuous perturbation. Future study should focus on the muscle activation in relation to various type of perturbation. 
More information on muscle activation data collection would help us to establish a greater degree of accuracy on balance 
assessment to predict falls especially on elderly person. 
 
KEYWORDS: balance, functional, physiological, assessment, perturbation  
 
 
